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11 Introduction
Many chemical reactions are associated with electron transfer1-8 which
constitutes, conceptually, the simplest elementary chemical transformation.9 The
primary intermediate formed by electron transfer between ground-state,
diamagnetic donor (D) and acceptor (A) is a radical ion-pair (Scheme 1, eqn.
(1)). If one of the reagents is paramagnetic (e.g., an alkali metal M or an organic
radical Ox), it becomes diamagnetic after electron transfer to or from the other
reagent (Scheme 1, eqn. (2) and (3)). This allows the study of the resulting
radical counterion by ESR, ENDOR and TRIPLE spectroscopy.10-12
D  +  A D•+ +  A• –
M  +  A M+  +  A• –
D  +  Ox D•+ +  Ox–
(1)
(2)
(3)
Scheme 1
In solution, ion pairs are classified in distinct species, each having its own
physical properties:13,14
- contact ion pair (tight ion pair): anion and cation are directly in contact. The
solvent is not between the ions but surrounds them.
- solvent-shared ion pair: anion and cation are electrostatically linked over a
specific number of solvent molecules.
- solvent-separated ion pair (loose ion pair): anion and cation are
electrostatically linked over an unspecific number of solvent molecules.
- free ions: there is no interaction between anion and cation because the distance
between them is too big.
Thus, the nature of the solvent has a great influence on ion-pair formation. A
solvent having a weak ion-solvation capacity favours the formation of contact
ion pairs. Conversely, a solvent having a strong ion-solvation capacity favours
the formation of free ions. For example, DME can, as bidentate ligand, solvate
alkali metal cations, particularly the small Li+ and Na+ ions, better than the
cyclic ethers THF and MTHF. MTHF cannot solvate cations, particularly the
2small ones, as good as THF, because the number of solvent molecules around
the cation is restricted for steric reasons.
Temperature also plays an important role for the solvation capacity. At high
temperature the Brownian motion is stronger than at low temperature, which
destroys partially the solvent arrangement around the ions or ion pairs. This
means that ions are better solvated at low temperature and that ion-pair
formation is easier at high temperature.15
The state of solvation or aggregation of radical ions has a strong influence on
their electronic structure and their conformation.16-21 The solvent and the
counterion have an effect also on their reactivity, e.g., towards electron and
proton transfer.22 The present work illustrates the structural consequences of
electron transfer and their dependence on supramolecular effects for two classes
of compounds, aromatic carbaldehydes and crownophanes.
32 Electron-transfer induced reactivity of
carbaldehydes
2.1 Introduction
This chapter describes the study by ESR, ENDOR and in situ optical
spectroscopy of the ion-pair formation controlled reactivity of single-electron
reduced aromatic carbaldehydes. These aldehydes are depicted in Scheme 2.1.
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Scheme 2.1 Formulas of the aldehydes studied.
The primary species formed by metal reduction of the aldehydes are the
corresponding metal-ketyl ion pairs. The radical anions of their
didehydrodimers, also called semidiones, are detected as follow-products.
Before presenting the results, a short and non exhaustive overview of ketyls and
their reactivity is given, with an emphasis on metal ketyls. The various pathways
leading to the formation of semidiones are also mentioned.
42.1.1 Ketyls
The first ketyl was described in 1891 by Beckmann and Paul, who observed the
appearance of a strong blue colour, when they treated benzophenone with
sodium in an inert atmosphere.23 A radical structure was proposed by
Schlenk:24,25
O NaC
Ph
Ph •
Ever since, ketyl radicals, which result from the addition of an electron to the π
system of a carbonyl group, have been extensively studied and their use in
organic synthesis has been the subject of numerous applications.
a) Formation and solution structure
Various methods have been used to supply the electron to the carbonyl group.
Beside the widely used alkali metals,26-28 other reducing metals such as low-
valent titanium and lanthanides have recently been successfully employed.29-32
Ketyls have been generated also electrochemically,33 by electron transfer from
electron donors (e.g. Grignard reagents34,35), by abstraction of a hydrogen atom
from an alcohol by a photolytically generated hydroxyl or tert-butoxyl radical at
a strongly alkaline pH,36-38 by photolysis of a solution of potassium in an
alcohol38 and by photochemical reduction of diaryl ketones in alkaline protic
medium.39
Since 1960, ESR and visible UV spectroscopy have permitted to gain insight in
the solution structure of ketyls, bringing many informations on the geometry of
the radical centre (configuration), the stable conformations of the molecule and,
in the case of the reduction by metals, the nature of the association between
metallic cation and ketyl anion, which has an important influence on the
reactivity of these radical anions. Investigations of the dependence of the ketyls’
structure on supramolecular factors (counterion, solvent) and on concentration
and temperature have shown the existence of equilibrium processes between
various forms of ionic species, as is the case for radical ions in general, ranging
from free ions and ion pairs to aggregate such as paramagnetic and diamagnetic
dimers (Scheme 2.2).40,41
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Scheme 2.2 Equilibrium processes for ketyls.
The quadruplet is detected by low temperature ESR studies, which show
characteristic triplet state spectra.40,42-44 The extent of formation of the
diamagnetic dimer depends on the nature of solvent and counterion. It increases
in nonpolar solvents (MTHF, toluene, cyclohexane) and with small cations (Li+,
Na+). This simplified scheme does not take into account the participation of
solvent molecules in the various species of the equilibrium. For example, a
contact and a solvent shared form of the paramagnetic dimer are also in
equilibrium:
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b) Reactivity
Ketyl species are among the most important intermediates in organic chemistry
and there are numerous reactions that follow their formation, depending on their
structure and on the chemical environment (reductant used and solvent).
For the reductions of aldehydes and ketones by metals, the first step is the
transfer of an electron to the carbonyl group, generating a metal ketyl. Then the
reaction path followed depends to some extent on the presence or the absence of
6proton sources.28 In the absence of a proton donor, for example in etheral
solvents or in liquid ammonia, the metal cation-radical anion pair is in
equilibrium with a dimer or higher aggregate (see Scheme 2.2), which for
aliphatic ketyls strongly favours dimeric or polymeric ion pairs.42,45 Two
different reactions can then occur, either within a ketyl aggregate or by the
direct interaction of two metal ketyls (Scheme 2.3).
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Scheme 2.3 Reactivity of metal ketyls in aprotic medium.
The first possible reaction is a coupling of two ketyl units (dimerisation) to give
a 1,2-diolate which yields, after hydrolysis, a glycol in the case of aldehydes and
a pinacol in the case of ketones.30 This is the well-known pinacol coupling.
When alkali metals are employed with aliphatic ketones, pinacol formation is a
major reaction path with lithium, but potassium affords little or no pinacol.27,46
In the particular case when low-valent titanium is employed as a metal, the
intermediate 1,2-diolate undergoes, on heating, deoxygenation to produce the
7corresponding alkene,47 this heterogeneous route being generally referred to as
McMurry reaction.
The second possible reaction, in the case of enolisable aldehydes and ketones, is
hydrogen transfer (radical disproportionation of a ketyl), which yields equal
amounts of enolate and alkoxide (Scheme 2.3). Nonenolisable aldehydes and
ketones have available only dimerisation, or may remain as the ketyl dimer,
although radical reactions with solvents can intervene.43
In the presence of a proton donor, for example ethanol, water or ammonium
chloride, the ketyl can be protonated to give a carbon radical which is
subsequently reduced to a carbanion. On protonation, the carbanion produces a
primary alcohol in the case of aldehydes and a secondary alcohol in the case of
ketones:26
O–  M+
R
R
OH
R
R
OH
R
R
H+
•
- H+
OH
R
R
H•
e– – H
+
Even in the presence of a proton source, pinacol formation is often the
predominant reaction path for aromatic aldehydes and ketones.28
The reaction of esters with alkaline metals can follow two different routes,
depending on the solvent. In ethanol, a monomolecular reduction takes place
which leads eventually to the formation of the corresponding primary alcohols
(Bouveault-Blanc reduction) whereas in ethers, benzene or liquid ammonia, two
ketyls couple to yield after hydrolysis α-hydroxy ketones, a reaction known as
acyloin condensation.35,48
Another illustration of the influence of the ketyl structure on its reactivity is the
electrolytic reduction of carbonyl groups, where hydrodimerisation
(pinacolisation) is often a competing reaction in the case of aromatic aldehydes,
alkyl-aromatic and diaromatic ketones, whereas their aliphatic analogs yield
almost only alcohols.33 α,β-unsaturated aldehydes and ketones are usually
electrochemically reduced to the corresponding saturated carbonyl compounds
or to alcohols, but some aldehydes like retinal and cinnamaldehyde lead to the
pinacol coupling products via the ketyl intermediates.49 In any case, the product
distribution obtained in the cathodic reduction depends also strongly on the
conditions (solvent, supporting electrolyte, electrode material and additives).
8Lastly, it has been shown that ketyls as key intermediates play also a very
important role in Grignard reactions34,50 and cyclisations.51,52
92.1.2 Semidiones
One-electron reduction products of conjugated ketones (RC(O•)=C(O–)R) are
referred to as semidiones. Semidiones with aromatic substituents (R = Ar) are
coloured and can be detected by their visible, ultraviolet, or infrared absorptions.
Such observations of a semidione were reported very early, for example from
the action on benzil of sodium in ether solution or of alcoholic potassium
hydroxide, to yield a blue colour due to the benzil radical anion (R =
phenyl).23,53 For the identification of aliphatic and aromatic semidiones and the
study of the molecular and conformational equilibria they undergo, ESR
spectroscopy is a very useful tool.54
Among the wide variety of routes leading to the formation of semidiones, the
most direct is the reduction of α-diketones, either by alkali metals55,56 or
electrochemically.57,58 α-diones are also reduced to semidiones by various
carbanions, including enolate anions or the anion of the dione itself.59 The
mechanism of this reduction involves an electron transfer from the anion to the
dione. For aliphatic semidiones, the most general route is probably the
spontaneous disproportionation of α-hydroxy ketones (acyloins) in DMSO
containing potassium t e r t -butoxide followed by electronic
comproportionation:54
RCOCOR + RCH(O–)CH(O–)R
RCOCOR + RC(O–)=C(O–)R 2  RC(O•)=C(O–)R
B–
RC(O–)=C(O–)R
2  RCOCH(O–)R
RCOCH(O–)R
Semidione formation can also take place by insertion of CO or CO•– in the
vicinity of a ketyl or of a carbonyl group.60-62 Lastly, semidiones have been
detected in the conditions of acyloin condensation63 and after the formation of
the ketyls of α-ketophosphonates64,65 and aroylsilanes.66 A similar sequence is
believed to occur in all three cases:
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2.1.3 Coupling reactions of ketyls induced by ion-pair formation
The origin of the present work is the reports by Scholz, Gescheidt et al. and
Shohoji on the reactivity of the radical anions of furan-2,5-dicarbaldehyde (1a)
and benzene-1,4-dicarbaldehyde (3a).67-69 Using ESR spectroscopy, these
authors showed that the reduction of 1a and 3a by alkali metals in solvents of
high solvation power (DME-HMPA for 1a, DME-HMPA and DME for 3a)
leads to the corresponding ketyl free radical ions 1a•– and 3a•–. However, by
carrying out the reductions in solvents with less ability to solvate the metallic
cations, quite different results are obtained. Thus, the reduction of 1a by Cs and
K metal in DME and THF at low temperature (193 K) gives rise to the spectra
of the corresponding metal-ketyl ion pairs, 1a•–/Cs+ and 1a•–/K+, which on
warming undergo an irreversible change: the ESR signals of the ketyls vanish
and secondary products appear, identified as being those of the
didehydrodimers, the semidione radical anions (Scheme 2.4). After the
reduction of 1a by Na metal in DME and THF and the reduction of 3a by K, Na
and Li in THF and MTHF, no ESR signals of the corresponding radical ions
appear but the coupling products are directly detected.
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Scheme 2.4 Reactivity of 1a and 3a according to ref. 67-69.
Thus the experimental evidence demonstrates that the reactivity of 1a•–/M+ and
3a•–/M+ towards the coupling reaction increases with factors favouring ion
pairing, such as solvents of low polarity (MTHF, THF) and small counterions
(Li+, Na+). Gescheidt et al. also studied the behaviour of furan-2-carbaldehyde
(1b), whose radical anion 1b•– has a higher spin population at the carbonyl C
atom than 1a•–. Its reduction by K metal in the strongly solvating DME-HMPA
mixture leads directly to the observation of the corresponding dimeric semidione
radical anion, showing that the reaction, having a radical character, is also
directed by the spin population at the carbonyl C atom of the ketyl.
Concerning the mechanism underlying the coupling reaction, only a hypothesis
was given, namely the attack of the ketyl ion pair on the parent aldehyde,
followed by dehydrogenation. For the dehydrogenation step, Shohoji proposed
the elimination of hydride catalysed by M+ and followed by the loss of a proton.
12
2.1.4 Scope and goal of this study
As an illustration of the structural consequences of electron transfer, the present
work aims at studying the electron transfer induced coupling reaction of
aromatic carbaldehydes, the steric and electronic factors determining its route,
and its mechanism.
O
Ar H
O
Ar H
O
Ar O
ArM
- 2 H
• –
M+ M+
• –
To this purpose, preliminary studies on the stability of few substituted aromatic
carbaldehydes and simple calculations shall help to choose compounds of the
same class presenting, towards the coupling reaction, a potential reactivity
induced by ion pairing. The synthesis of the selected compounds will be
described, followed by the study by ESR and simultaneous visible UV
spectroscopy of the reactivity of their radical anions, obtained by reduction with
alkali metals in various solvents. The spectra will be interpreted in terms of the
structural modifications of the reactants and the kinetics will be analysed in
order to gain insight into the mechanism. Quantum mechanical calculations shall
be helpful in this respect.
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2.2 Preliminary studies and choice of candidates
The spin population at the carbonyl C atom, which is directed by the electron-
donating or electron-withdrawing properties of the aryl moiety, has an influence
on the course of the coupling reaction: the higher the spin population, the easier
the coupling (see § 2.1.3). By varying the substitution of the aromatic aldehydes,
a difference in their reactivity should thus be observed. In this respect, the study
by ESR and simultaneous visible UV spectroscopy of some differently
substituted carbaldehydes, namely benzaldehyde (3b), 4-nitrobenzaldehyde (3j),
4-ethoxybenzaldehyde (3k) and 4-cyanobenzaldehyde (3l), coupled with HMO
calculations of the spin population at the carbonyl C atom, should be helpful for
the selection of candidates presenting a potential reactivity towards the coupling.
2.2.1 Benzaldehyde (3b)
a) Experimental results
The yellow-amber solution obtained after reduction of 3b by potassium in DME
gave a quite narrow (0.8 mT) and moderately well resolved ESR signal, whose
intensity increased as the temperature was raised and whose shape remained
unchanged over all the temperature range (193 - 273 K) (Figure 2.1). The
ENDOR spectrum, recorded at 233 K, revealed three proton-hyperfine coupling
constants aH = 0.115 / 0.094 / 0.036 mT. A good simulation of the ESR
spectrum was obtained with two equivalent protons for the biggest coupling
constant and four equivalent protons for each of the two others. The visible UV
spectrum showed a relatively broad band having a maximum at 367 nm and a
shoulder at ca. 450 nm. The attempts of reduction of 3b by potassium in THF or
in a DME-HMPA (5:1) mixture did not give rise to any ESR signal.
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Figure 2.1 ESR spectrum (top left), its simulation (bottom left) and ENDOR spectrum
(right), obtained at 233 K after reduction of 3b by potassium in DME.
b) Discussion
Steinberger and Fraenkel studied by ESR the electrolytically generated radical
anion 3b•–.70 They found six proton-hyperfine coupling constants aH = 0.851 /
0.647 / 0.468 / 0.339 / 0.131 / 0.075 mT. These values are very different from
the results obtained here, so that the ESR, ENDOR and optical spectra cannot be
attributed to this radical anion. The pairwise equivalency of the aH obtained by
simulation indicates rather a twofold symmetry of the radical detected.
Benzil (3b´), the semidionic dimer of 3b, was reduced electrolytically by Broze
and Luz.71 They observed for the corresponding radical anion three proton-
hyperfine coupling constants apara = 0.112 mT, aortho= 0.099 mT and ameta =
0.036 mT, very close to the values reported here.
O
O
3b´
orthometa
para
Luckhurst and Orgel studied the potassium ion pair derived from benzil, the
solvent being THF.56 They reported an ESR spectrum similar to the one
15
obtained here and close proton-hyperfine coupling constants aortho = apara =
0.099 mT and ameta = 0.037 mT. In analogy to 1a, 1b and 3a, the spectra
obtained here can be attributed to the benzil•–/K+ ion pair. This assignment is
corroborated by a report on the sodium metal reduction of benzaldehyde in THF,
which yielded an ESR spectrum attributed to the benzil•–/Na+ ion pair.69
These results show that 3b also undergoes the dimerisation reaction after metal
reduction. The high spin population at the carbonyl C atom of 3b•–, reflected by
the proton-hyperfine coupling constant aH = 0.851 mT of the aldehyde H atom,70
explains that a fast coupling occurs, even in a polar solvent like DME which
favours the formation of ‘free’ ions. This high reactivity clarifies why there have
been no reports about ion pairs derived from benzaldehyde since the detection of
its radical anion.
2.2.2 4-Nitrobenzaldehyde (3j)
a) Experimental results
The reduction of 3j by potassium in THF produced a blue-green solution which
gave rise to a quite strong and persistent ESR signal (life time of several days at
193 K), the linewidth increasing slightly from low field to high field (Figure
2.2). The spectral width, of approximately 2.4 mT, was constant over all the
temperature range (233 - 323 K) but reversible line-broadening effects were
observed. Four proton-hyperfine coupling constants aH = 0.317 / 0.256 / 0.103 /
0.057 mT and a nitrogen-hyperfine coupling constant aN = 0.651 mT arose from
the ENDOR signal, recorded at 233 K. Taking a multiplicity of one for the
nitrogen and for the three biggest proton coupling constants, a multiplicity of
two for the smallest proton coupling constant and adding a potassium hyperfine
splitting of 0.014 mT72 (not revealed by the ENDOR experiment) allowed a
good simulation of the ESR spectrum. The optical spectrum shown a relatively
strong maximum at 390 nm and a medium band at 650 nm (Figure 2.2).
Using MTHF as solvent, the reduction of 3j by potassium yielded also a blue-
green solution, its ESR spectrum being weaker and less well resolved but having
the same width and characteristical shape as the one obtained in THF, so that it
could be attributed to the same species.
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Figure 2.2 ESR spectrum (top), its simulation (middle), ENDOR (bottom left) and
electronic absorption spectra (bottom right), obtained at 233 K after reduction of 3j by
potassium in THF.
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Reducing with sodium, the resulting solution had the same optical absorption as
in THF but it gave rise to a weak and unresolved ESR signal that could not be
analysed.
b) Discussion
The multiplicities used for the simulation of the ESR spectrum and simple HMO
calculations suggest that the detected species is the ketyl ion pair 3j•–/K+. This
is confirmed by similar results obtained from ESR studies by Maki and Geske
on the radical anion 3j•–, electrochemically generated in acetonitrile.73 They
found a nitrogen-hyperfine coupling constant aN = 0.583 mT and four proton-
hyperfine coupling constants aH = 0.310 / 0.237 / 0.123 / 0.044 mT, the two
biggest being attributed, on the basis of HMO calculations, to the two protons
located meta to the aldehyde group, the third to the aldehyde proton and the
smallest to the two ortho protons. Generating 3j•– by electrolytic reduction in
DMF, Rieger and Fraenkel obtained results also in qualitative agreement with
those reported here.74 The optical spectrum of 3j•–, recorded after electrolytic
reduction of 3j in sulfolane, was similar to that observed here.75
Due to π-conjugation, the rotation of the aldehyde group about the carbon-
carbon bond is slow compared to the ESR timescale,70,73,76 producing a non-
equivalence of the meta protons (0.317 and 0.256 mT). Compared to the
electrochemically generated radical ion, the ion pair has a bigger nitrogen-
hyperfine coupling constant and a smaller aldehyde proton-hyperfine coupling
constant (0.103 mT). This indicates a strong interaction of the metal cation with
the nitro group, as was observed for the alkali-metal salts of nitrobenzene, o-
and m-dinitrobenzene,72 and an increase of the already strong electron-
withdrawing property of the nitro group.
The low value of the hyperfine splitting for the aldehyde proton, reflecting the
weak spin population at the carbonyl C atom, explains why the coupling
reaction is not observed for 3j•–/M+, even in a solvent such as MTHF and at
high temperature, factors favouring the formation of tight ion pairs and thus a
strong radical character at the carbonyl C atom.
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2.2.3 4-Ethoxybenzaldehyde (3k)
a) Experimental results
Reducing 3k with potassium in THF or DME one obtained, only after a
relatively long contact with the metal mirror (minutes to hours), a yellow
solution giving rise to a quite narrow (0.7 mT), slightly unsymmetrical and
temperature independent ESR signal, as the one presented in figure 2.3. The
corresponding ENDOR spectrum revealed three proton-hyperfine coupling
constants aH = 0.097 / 0.036 / 0.010 mT, each attributable to four equivalent
nuclei as indicated by the simulation of the ESR spectrum. The electronic
spectrum showed a relatively broad band with a maximum at 342 nm and a
shoulder at ca. 390 nm (Figure 2.3). It was comparable to that of the benzil•–/K+
ion pair. By reduction in a DME-HMPA mixture, the yellow solution obtained
did not reveal any paramagnetic species.
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Figure 2.3 ESR spectrum at 298 K (top left), its simulation (bottom left), ENDOR at 263
K (top right) and electronic absorption spectra (bottom right), obtained after reduction of 3k
by potassium in DME.
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b) Discussion
Considering the pairwise multiplicity of the aH and their values close to those of
the benzil•–/K+ ion pair, the ESR data reflect the radical anion of 3k´, the
semidione coupling product of 3k. This is confirmed by measurements of Broze
and Luz on the radical anion of anizil, the semidione derived from 4-
methoxybenzaldehyde.71
O
O
MeO
O
anizil
orthometa
O
O
EtO
OEt
3k´
Me
They reported three proton-hyperfine coupling constants aortho = 0.105 mT,
ameta = 0.038 mT and aMe = 0.010 mT, very close to the values reported here.
Thus, like 1a, 1b, 3a and 3b, 3k undergoes the dimerisation reaction after metal
reduction. Even in DME a fast coupling occurs, impeding the observation of
3k•–. As shown by simple HMO calculations, this is explained by the high spin
population at the carbonyl C atom of 3k•–, due to the electron-donating
properties of the para located ethoxy substituent.
2.2.4 4-Cyanobenzaldehyde (3l)
a) Experimental results
The reaction of 3l with potassium in DME produced a pink solution whose ESR
signal, which is presented in Figure 2.4, was quite well resolved. The spectrum
shape remained stable over all the temperature range (213 - 298 K). An ENDOR
experiment revealed four proton-hyperfine coupling constants aH = 0.641 / 0.345
/ 0.254 / 0.041 mT. A good simulation of the ESR spectrum was obtained by
taking one proton for each of the three biggest coupling constants, two
equivalent protons for the smallest and a nitrogen-hyperfine splitting aN = 0.132
mT (not detected by ENDOR). The visible UV spectrum had a pattern
comparable to that of the potassium ion pair of 4-nitrobenzaldehyde (see §
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2.2.2), with a strong absorption at 377 nm and a medium one at 525 nm (Figure
2.4).
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Figure 2.4 ESR spectrum at 298 K (top), its simulation (middle) and ENDOR spectrum at
213 K (bottom left), obtained after reduction of 3l by potassium in DME. The low-frequency
part of the biggest splitting is not detected by ENDOR. Electronic absorption spectra (bottom
right), obtained after reduction of 3l by potassium in DME and THF.
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In THF, potassium reduction of 3l yielded first a solution showing the same
ESR signal and optical absorption as in DME. The ESR intensity decreased
progressively as the optical absorption was changing, indicating the formation of
diamagnetic species (absorption maximum at 460 nm). The electronic
absorption spectra at the beginning and at the end of the experiment are
presented in Figure 2.4.
The reduction of 3l by sodium in THF gave a light pink solution, whose ESR
signal had the same pattern as the one observed in DME. The ESR intensity
decreased rapidly and the optical absorption evolved in the same way as for the
reduction by potassium in THF.
In MTHF, the yellow solution produced by the reaction of 3l with sodium
yielded a very weak ESR signal which could not be analysed. The optical
absorption evolved similarly as for the reductions in THF.
b) Discussion
The multiplicities of the hyperfine splittings suggest that the species detected by
ESR is the ion pair 3l•–/M+. Indeed, their values are in good agreement with
those of the electrolytically generated radical anion 3l•–: a nitrogen-hyperfine
coupling constant aN = 0.140 mT and five proton-hyperfine coupling constants
aH = 0.556 / 0.314 / 0.273 / 0.071 / 0.019 mT, the biggest being assigned, on the
basis of molecular-orbital theory calculations, to the aldehyde proton and the
others to the ring protons.74 As in the case of 4-nitrobenzaldehyde (3j), there is
no pairwise-equivalence of the ring protons because of hindered rotation of the
aldehyde group about the carbon-carbon bond. Compared to the electrolytically
generated radical anion, the ion pair has a larger aldehyde proton hyperfine
splitting (0.641 mT) and a slightly smaller nitrogen-hyperfine splitting. This
indicates probably a stronger interaction of the counterion with the carbonyl
group than with the cyano group.
The identification of 3l•– as the observed species is confirmed by the similarity
between, on one hand, the optical spectrum detected in DME and the primary
optical spectra detected in THF and, on the other hand, the optical spectrum of
3l•– recorded after electrolytic reduction of 3l in sulfolane.77
As shown by the experimental data, the stability of the ketyl ion pair 3l•–/M+
decreases in the order DME > THF > MTHF. Diamagnetic follow-products are
detected via their optical absorption but cannot be identified because of the lack
of structural information available from the experiments. Nevertheless, it is
22
well-known that aryl ketyls have a strong tendency to undergo carbon-carbon
coupling in aprotic medium, leading to the corresponding diamagnetic
pinacolates (see § 2.1.1). In the present case, two factors can favour the
dimerisation of 3l•–/M+:
- there is a relatively high spin population at the aldehyde C atom, as reflected
by the value of the corresponding α-H atom hyperfine splitting (0.641 mT),
which is in the range of those of the radical anions of furan-2,5-dicarbaldehyde
(1a) (0.486 mT) and benzaldehyde (3b) (0.851 mT), two compounds which also
undergo a carbon-carbon coupling reaction
- the reactivity of 3l•–/M+ is enhanced in solvents favouring the formation of
tight ion pairs (THF, MTHF), the latter having an increased radical character at
the aldehyde C atom.
To conclude, as for 1a•–/M+ and 3a•–/M+, the reactivity of 3l•–/M+ is induced by
ion pairing. No paramagnetic coupling product (semidione) is detected, contrary
to 1a•–/M+ and 3a •–/M+, but the first product formed is probably the
diamagnetic dialcoholate resulting from the carbon-carbon coupling of two
molecules of 3l•–.
2.2.5 Choice of candidates
Inspecting the stability of the aldehydes previously studied, three classes of
molecules can be distinguished:
1. Stable: the aldehydes form persistent radical anions observable by ESR, e.g.
4-nitrobenzaldehyde (3j).
2. Reactive: depending on the chemical environment, the aldehydes can undergo
a coupling reaction, e.g. furan-2,5-dicarbaldehyde (1a), benzene-1,4-
dicarbaldehyde (3a), 4-cyanobenzaldehyde (3l). These molecules are of interest
for the study of the coupling reaction.
3. Unstable: the radical anions of the aldehydes are too unstable to be studied by
our ESR technique, e.g. benzaldehyde (3b), 4-ethoxybenzaldehyde (3k), furan-
2-carbaldehyde (1b).
In order to quantify the effect of substitution on the stability of these molecules,
it is helpful to calculate their spin population at the carbonyl C atom. A fast
method giving sufficiently good results in the case of planar π systems is the
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HMO-McLachlan procedure.78 The following perturbation parameters h in the
Coulomb integral α´ = α + h β  and k in the resonance integral β´ = k β are
used:10,74
– hO = 1.2 and kCO = 1.5 for carbonyl groups
– hN = 2.2, hO = 1.4, kNO = 1.7 and kCN = 1.2 for the nitro group
– hC = -0.3 for the ring C atom attached to the ethoxy group
– hN = 1.0, kCN = 2.0 and kCC = 0.9 for the cyano group and the ring C atom
attached to it
– hO = 2.0 and kCO = 1.1 for furan rings
The ring oxygen atoms contribution to the π system is two electrons. For the
calculations, the McLachlan parameter λ = 1.2 is used.
The results of the calculations and the experimental hyperfine coupling constant
of the corresponding aldehyde H atoms are produced in Table 2.1. Figure 2.5
shows that the calculated values correlate with the experimental data, verifying
the McConnell semi-empirical equation aHµ = Q ρµ which evaluate the α-H
atom coupling constant at a π centre having a spin population ρµ.79 A fitting of
the data gives for |Q| a mean value of 3.96 mT. Therefore it is possible to
classify the aldehydes according to the aforementioned three classes using
predictions by HMO.
Table 2.1   HMO calculated spin populations at the carbonyl C atom and experimental
hyperfine coupling constant of the aldehyde H atom
Aldehyde HMO ald
Ha  (mT) ref. for ald
Ha
Furan-2-carbaldehyde (1b) 0.343 1.192 37
4-Ethoxybenzaldehyde (3k) a) 0.314 – –
Benzaldehyde (3b) 0.279 0.851 70
4-Cyanobenzaldehyde (3l) 0.200 0.641 this work
Furan-2,5-dicarbaldehyde (1a) 0.171 0.486 67
Benzene-1,4-dicarbaldehyde (3a) 0.136 0.385 80
4-Nitrobenzaldehyde (3j) 0.079 0.103 this work
a) The radical anion of 3k is not described in the literature.
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Figure 2.5 Correlation of HMO calculated spin populations at the carbonyl C atom and
experimental hyperfine coupling constant of the corresponding aldehyde H atom.
With regard to the spin population of the two reactive species, furan-2,5-
dicarbaldehyde and benzene-1,4-dicarbaldehyde, and that of benzaldehyde
which is the lowest among the three unstable species, one can consider that the
reactive class includes aldehydes having a spin population between
approximately 0.125 and 0.250. On this basis, the variously substituted
molecules listed in Table 2.2 are potentially reactive and therefore useful for the
study of the coupling reaction. With the purpose of making reactivity
comparisons, three aldehydes having at the carbonyl C atom a HMO calculated
spin population smaller than 0.125 are also selected, namely 5-(4-chloro-
phenyl)-furan-2-carbaldehyde (1 f), 5-(4-chloro-phenyl)-thiophene-2-
carbaldehyde (2f) and 4´-chloro-biphenyl-4-carbaldehyde (3f). To test if there is
an influence of the molecular organisation and of the counterion complexation
on the coupling reaction, molecules having two simple carbaldehyde π systems
attached by a polyoxyethylene spacer should also be interesting to study. The
following four dialdehydes are selected:
1,7-Bis(4-formyl-phenyl)-1,4,7-trioxy-heptane (4a), 1,10-Bis(4-formyl-phenyl)-
1,4,7,10-tetraoxy-decane (4b), 1,7-Bis(3-formyl-phenyl)-1,4,7-trioxy-heptane
(4c) and 1,10-Bis(3-formyl-phenyl)-1,4,7,10-tetraoxy-decane (4d).
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Table 2.2   List of selected aldehydes and their HMO calculated spin
population at the carbonyl C atom a)
Aldehyde HMO
5-Chloro-furan-2-carbaldehyde (1c) 0.195
5-Chloro-thiophene-2-carbaldehyde (2c) 0.130
5-Bromo-furan-2-carbaldehyde (1d) 0.229
5-Bromo-thiophene-2-carbaldehyde (2d) 0.150
5-Acetyl-furan-2-carbaldehyde (1e) 0.205
5-Acetyl-thiophene-2-carbaldehyde (2e) 0.145
5-Phenyl-furan-2-carbaldehyde (1g) 0.207
5-Phenyl-thiophene-2-carbaldehyde (2g) 0.151
5-p-Tolyl-furan-2-carbaldehyde (1h) 0.231
5-p-Tolyl-thiophene-2-carbaldehyde (2h) 0.164
5-Vinyl-furan-2-carbaldehyde (1i) 0.180
5-Vinyl-thiophene-2-carbaldehyde (2i) 0.132
Biphenyl-4-carbaldehyde (3g) 0.175
4´-Methyl-biphenyl-4-carbaldehyde (3h) 0.192
4-Vinyl-benzaldehyde (3i) 0.153
a) In addition to those already mentioned, the perturbation parameters
used for the calculations are:
– hS = 1.0 and kCS = 0.65 for thiophene rings
– hO = 1.2, hC = -0.3 and kC O = 1.5 for the C=O moiety of acetyl
groups
– hC = -0.3, 1.3 and 1.9 for the ring C atoms attached to methyl groups,
bromine and chlorine atoms, respectively.
The synthesis of the selected molecules is presented in the following part.
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2.3 Synthesis of the carbaldehydes
Among the selected aldehydes 1d, 2d and 3g are commercially available. The
others had to be synthesised. With the exception of 1i, 4c and 4d, all of them are
described in the literature, but their synthetic pathways are very dissimilar,
though their structures are sometimes very close. In order to obtain them rapidly
the palladium catalysed cross-coupling of organotin compounds with organic
halides was applied as often as possible. It is an efficient and, for substituted
heteroaryls and biaryls, suitable method for the selective formation of carbon-
carbon bonds. Non-catalytic procedures were also used when they were more
suitable.
2.3.1 Palladium catalysed cross-coupling of organotin compounds with
organic halides
The palladium catalysed coupling reaction of organic electrophiles with
tetraorganotin reagents, which generates a new carbon-carbon bond, takes place
under mild conditions and in high yields.80-82
RX  +  R´SnR´´3 R–R´  +  XSnR´´3
Pd(0)Ln
A lot of organic electrophiles and organotins can be utilised. The reaction
tolerates a wide variety of functionality on either coupling partner, even
aldehydes, which is an important advantage here.
The organotin reagent is one of the most versatile organometallic reagents.
Organotins containing a variety of reactive functional groups can be prepared by
a number of different reaction types.83-85 Moreover, these reagents are not
particularly oxygen or moisture sensitive and many of them can be purified by
silica column chromatography or by distillation without decomposition.
Aryl and heteroaryl bromides are well-suited organic electrophiles for the
coupling reaction, as they add oxidatively to palladium complexes already at
medium temperatures. Aryl chlorides on the contrary have to be activated by
electron-withdrawing groups attached to the ring.
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a) 5-Aryl-furan- and 5-aryl-thiophene-2-carbaldehydes
The successful preparation of some heterobiaryl compounds by a palladium(II)
catalysed cross-coupling was reported by Bailey.86 For the title aldehydes the
first synthetic route tested was a coupling followed by formylation: reaction of
furan-2-yl-tributyl-stannane with 1-bromo-4-chloro-benzene or bromo-benzene
or 1-bromo-4-methyl-benzene, in refluxing THF and in the presence of 3 mol%
of palladium(II) chloride, gave 20 to 27% of the heterobiaryls 5a, 5b and 5c.
Regioselective deprotonation of 5c followed by addition of DMF yielded, after
chromatography, only 30% of the target aldehyde 1h (Scheme 2.5). The low
overall yields prompted us to try another synthetic pathway.
O SnBu3
Br
R
O
R
O
CH3
O
CH3
OHC
+
THF, ∆
PdCl2(PPh3)2
R = Cl :
R = H :
R = CH3 :
25%
20%
27%
1) n-BuLi, THF, -78°C
2) DMF
5a
5b
5c
5c 1h
Scheme 2.5 Synthesis of heterobiaryls: first route.
The cross-coupling of compounds possessing already the aldehyde function was
more successful : reaction of bromo-benzene, 1-bromo-4-chloro-benzene or 1-
bromo-4-methyl-benzene with 5-tributylstannanyl-furan-2-carbaldehyde and 5-
tributylstannanyl-thiophene-2-carbaldehyde (readily obtained from furan-2-
carbaldehyde (1b) and thiophene-2-carbaldehyde (2b), respectively87), in
refluxing THF and in the presence of 2 mol% of palladium(II) chloride, gave the
corresponding heterobiaryls 1f-1h and 2f-2h in 59 to 84% yield (Scheme 2.6).
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X
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OHC
PdCl2(PPh3)2
THF, ∆
X = O, R = Cl :
X = O, R = H :
X = O, R = CH3 :
X = S, R = Cl :
X = S, R = H :
X = S, R = CH3 :
64%
59%
84%
61%
67%
61%
1f
1g
1h
2f
2g
2h
Scheme 2.6 Synthesis of heterobiaryls: second route.
b) Acetyl- and vinyl-substituted furan- and thiophene-2-carbaldehydes
Milstein and Stille reported the palladium catalysed synthesis of ketones from
acid chlorides and organotin compounds in HMPA.88,89 This method was
applied to the preparation of acetyl-substituted aldehydes 1e and 2e by reacting
acetyl chloride with 5-tributylstannanyl-furan-2-carbaldehyde and 5-
tributylstannanyl-thiophene-2-carbaldehyde, respectively, using THF instead of
HMPA and 0.2 mol% of palladium(0) (Scheme 2.7).
X SnBu3OHC
CH3COCl
Pd(PPh3)4
THF, 45 °C
X COCH3OHC
1e   X = O :  71%
2e   X = S :  49%
Scheme 2.7 Synthesis of acetyl-substituted furan- and thiophene-2-carbaldehydes.
Though vinyl tin compounds are known to couple efficiently with aryl
triflates,90 nothing has been reported about their ability to couple with aryl and
heteroaryl halides. Testing the cross-coupling of tributyl-vinyl-stannane with 5-
bromo-thiophene-2-carbaldehyde (2d) in refluxing benzene and in the presence
of 0.2 mol% of palladium(0), 5-vinyl-thiophene-2-carbaldehyde (2i), the desired
product, was obtained with 33% yield (Scheme 2.8). In an attempt to synthesise
5-vinyl-furan-2-carbaldehyde (1i) from 5-bromo-furan-2-carbaldehyde (1d) by
the same method, the product obtained was very unstable, such that its isolation
failed. This is probably due to a strong propensity to polymerise and is
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corroborated by the fact that compound 1i is not described in the literature.
Though it was kept under argon at -80°C, 2 i underwent also rapidly
polymerisation, so that an ESR study remained impossible to realise.
S BrOHC S CH=CH2OHC
Bu3Sn(CH=CH2)
Pd(PPh3)4
C6H6, ∆ 2i2d
Scheme 2.8 Synthesis of aldehyde 2i.
c) 4-Substituted benzaldehydes
The synthesis of aldehydes 3f and 3 h was accomplished by reacting 4-
tributylstannanyl-benzaldehyde with 4-chloro-bromobenzene and 4-methyl-
bromobenzene, respectively, in the presence of 0.2 mol% of palladium(0)
(Scheme 2.9). The low yields can be explained by the use of DMF and THF as
solvents, instead of the highly polar HMPA used by Milstein and Stille for this
type of cross-coupling reactions.91 4-Vinyl-benzaldehyde (3i) was obtained in
30% yield using the same method as for 2i.
OHC SnBu3 OHC
Br R
R
OHC Br
Pd(PPh3)4
DMF or THF
R = Cl :
R = CH3 :
OHC CH=CH2
3f
3h
14%
22%
Pd(PPh3)4
Bu3Sn(CH=CH2)
C6H6, ∆
3i3d
Scheme 2.9 Synthesis of 4-substituted benzaldehydes (3f, 3h and 3i).
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2.3.2 Other syntheses
The remaining compounds were synthesised by non-catalytic procedures.
Comins and Killpack reported on the regioselective lithiation of heterocycles
directed by α-amino alkoxides.92 This method was applied for the
functionalisation of furan-2-carbaldehyde (1b) in the 5-position, using lithium
N -methyl piperazide to form the α-amino alkoxide directing group.
Tetrachloromethane and DMF were used as electrophiles, which led to the
desired aldehydes 1a and 1c (Scheme 2.10).
OOHC O ROHC3)  E
+, -78°C
1) LNMP, -78°C
2) n-BuLi, -20°C
R = CHO :
R = Cl :
1a
1c
26%
41%
1b
Scheme 2.10 Synthesis of aldehydes 1a and 1c.
Bromine-lithium exchange followed by electrophilic attack of DMF was used
for the synthesis of dialdehyde ring-d4-3a, which was obtained from d4-4-
dibromobenzene in 32% yield, along with 46% of ring-d4 - 4 -
bromobenzaldehyde:
Br Br OHC CHO
D D
DD D D
DD
1) n-BuLi, -70°C
2) DMF, -70°C
d4-3a
The nucleophilic substitution employed by Greber93 for the synthesis of
molecules having two simple carbaldehyde π systems attached by a
polyoxyethylene spacer (4a  and 4 b) was adapted in order to obtain also
dialdehydes 4c and 4d (Scheme 2.11).
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OH O– K+
O
O
O
Cl
O
Cl
CHO CHO
CHO CHO
4c
4d
n = 1 :
n = 2 :
92%
41%
n
n
KOH
DMF, ∆
EtOH
Scheme 2.11 Synthesis of aldehydes 4c and 4d.
32
2.4 Reduction of the carbaldehydes. Structural study by
ESR spectroscopy
2.4.1 Aldehydes 1c, 1d, 2c and 2d
XR
H
O
X = O, R = Cl : 1c
X = O, R = Br : 1d
X = S, R = Cl : 2c
X = S, R = Br : 2d
a) Experimental results
Attempts of reduction of 1c and 1d by potassium in DME or THF did not give
rise to any ESR signal.
The light red solution first obtained at 213 K after the reduction of 2c with
potassium in THF gave an ESR signal in the form of a quadruplet of doublets,
the g factor amounting to 2.0052 (Figure 2.6).
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Figure 2.6 ESR spectrum (top left), its simulation (bottom left), ENDOR (top right) and
electronic absorption spectra (bottom right) of the primary species, obtained at 213 K after
reduction of 2c by potassium in THF.
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The corresponding ENDOR signal revealed three proton-hyperfine coupling
constants aH = 0.261 / 0.243 / 0.055 mT. A good simulation of the ESR
spectrum was obtained taking one proton for the biggest coupling constant, two
equivalent protons for the medium one and one proton for the smallest coupling.
The visible UV spectrum showed three weak absorption maxima at 443, 486 and
566 nm (Figure 2.6). Increasing the temperature, the colour turned to light
yellow-brown and a secondary spectrum, weak and having a slightly smaller g
factor, added to the first signal, this evolution being irreversible (Figure 2.7).
After another contact of the solution with the potassium mirror, the colour
turned to khaki and a different ESR spectrum with a g factor of 2.0050, almost
temperature independent, unresolved, possessing a central line and slightly
unsymmetrical could be recorded (Figure 2.7). Attempts to obtain an ENDOR
signal failed and analysis of the ESR spectrum was not possible.
0.4 mT
B
Figure 2.7 ESR spectra recorded after reduction of 2c by potassium in THF, on warming
up the solution above 213 K (left) and after a second reduction (right).
After reduction of 2c with potassium in DME, ESR spectra similar to those of
the primary species obtained in THF arose. Reducing 2c with potassium in
MTHF, the spectra were very close to those obtained in THF.
The reduction of 2d by potassium in DME and THF gave a light yellow solution
showing a weak and temperature independent ESR signal in the form of a
quadruplet of doublets, similar to the primary spectra obtained with 2c, the g
factor being 2.0052 (Figure 2.8). Analysis of the spectrum revealed three sets of
coupling constants aH = 0.261 / 0.240 / 0.055 mT, very close to those of 2c and
having the same multiplicities. Prolonging the reduction, the shape of the
spectrum did not change. The visible UV spectrum showed a weak absorption
maximum at 444 nm (Figure 2.8).
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Figure 2.8 ESR spectrum (top left), its simulation (bottom left) and electronic absorption
spectrum (right) obtained at 233 K after reduction of 2d by potassium in THF.
b) Discussion
The hyperfine data of the primary species observed after the reduction of 2c and
the hyperfine data of the species observed after the reduction of 2d, showing the
presence of four hydrogen atoms, among which two are equivalent, do not
correspond to the radical anions 2c•– and 2 d•–. Because of the symmetry
involved, they cannot correspond either to the semidiones that would result from
the coupling reaction studied in this chapter.
The frequently reported way in which halogenated aromatic radical anions
evolve is the unimolecular fragmentation of the carbon-halogen bond to give an
aryl radical and the halide ions.94-96 The loss of the halide ion is fast, when the
halogen is linked to a carbon atom with high spin density.
Here, the fact that the two sets of data are similar indicates that the same species
is obtained after reduction of 2c and 2d, which implies a prior cleavage of the
carbon-chlorine bond, respectively of the carbon-bromine bond. The high spin
density at the carbon atom linked to the halogen favours a fast fragmentation,
impeding the observation of 2c•– and 2d•–. The resulting heteroaryl radical is not
observed either, most certainly because of its high reactivity, and the nature of
the follow-product is not known (Scheme 2.12).
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2c : X = Cl
2d : X = Br
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X–    +
Scheme 2.12 Reactivity of aldehydes 2c and 2d.
Though the structure of the observed radical (primary species) remains unclear,
it does not correspond to the radical anion of thiophene-2-carbaldehyde (2b),
which possesses much larger hyperfine coupling constants.37 It does not
correspond neither to the radical anion C•– which would be observed after an
electron transfer to the compound C  obtained by carbon-carbon coupling
between two neutral radicals resulting from the fragmentation reaction.
2b
S
H
H
O
S
H
OS
H
O
C
The secondary spectrum recorded after a second reduction of 2c in THF is
unresolved. Analysis is not possible but the presence of a central line indicates a
more symmetrical species than that corresponding to the primary spectra. This
species could result from a reaction of the primary species with the solvent (e.g.,
H abstraction).
2.4.2 Aldehydes 1e and 2e
X
H
O X = O : 1e
X = S : 2e
O
H3C
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a) Experimental results
The yellow solution obtained after reduction of 1e by potassium in DME or THF
gave, at 298 K, a very weak and poorly resolved ESR signal that could not be
analysed.
The reduction of 2e with sodium in DME gave first, between 193 K and 213 K,
a green-yellow solution which showed a well resolved ESR spectrum with a g
factor of 2.0052. By warming up the solution above 223 K new lines added
symmetrically and reversibly to the first spectrum, their intensity increasing with
the temperature (Figure 2.9). No ENDOR signal could be observed in the
temperature range 193 - 263 K but analysis of the ESR spectra revealed for both
of them redundant peak separations amounting to 0.75 mT and 0.30 mT and
corresponding to the hyperfine coupling constants of two sets of protons, the
first set having a multiplicity of one proton (doublet). Attempts of simulation of
either of the spectra remained unsuccessful. In both cases the optical spectrum
presented one absorption maximum at ca. 437 nm.
0.4 mTB
Figure 2.9 ESR spectra of the primary species obtained after reduction of 2e by sodium in
DME at 203 K (top) and 233 K (bottom).
After reduction of 2e with potassium in DME, comparable results and spectra
were obtained at first but the species was less stable than with sodium as
counterion: at 193 K the spectral intensity decreased rapidly as the colour was
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turning to yellow and the ESR signal disappeared within a few minutes (or
almost instantaneously, when the temperature was raised above 223 K),
impeding any ENDOR experiment. By warming up the solution above 223 K, or
after another contact with the metal mirror, the colour turned to brown and a
different, quite well resolved ESR signal arose (Figure 2.10). Its linewidth
decreased and its intensity increased reversibly as the temperature was raised. It
remained unsymmetrical over all the temperature range (193 - 305 K). Five
proton-hyperfine coupling constants aH = 0.236 / 0.206 / 0.123 / 0.065 / 0.030
mT were obtained from an ENDOR experiment at 273 K.
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Figure 2.10 Reduction of 2e by potassium in DME: ESR spectrum (top), its simulation
(middle) and ENDOR spectrum (bottom left) of the secondary species at 273 K; electronic
absorption spectra (bottom right) of the primary and secondary species.
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The best simulation of the ESR spectrum was achieved with two equivalent
protons for each of the biggest aH, one or two protons for the medium aH and
three equivalent protons for each of the two smallest aH. The visible UV
absorptions showed one maximum at 437 nm for the primary species and three
maxima at 446, 510 and 598 nm for the secondary species (Figure 2.10).
Reducing 2e with cesium in DME, two different species could also be observed
by ESR, the corresponding optical absorption being the same as with sodium
and potassium. The primary species had a very short lifetime (about two minutes
at 193 K). Reduction of 2e with sodium in DME in the presence of LiCl gave a
yellow solution showing no ESR signal.
The light yellow solution obtained after a short reduction of 2e with sodium or
potassium in THF did not give rise to any ESR signal. After a longer contact of
the solution with the metal mirror, the colour turned to yellow-brown and ESR
spectra similar to the secondary spectra obtained in DME appeared.
b) Discussion
    Primary species
Though the interpretation of the primary spectra is not straightforward, the
experimental results indicate that the involved species is probably the ion pair
2e•–/M+ and not the corresponding semidione:
- the biggest proton-hyperfine coupling constant (0.75 mT, one proton) can be
assigned to the aldehyde proton of 2e•–/M+ but it is much too high to be
attributed to the semidione, as showed by HMO calculations and from the values
of the aH for similar semidiones. This value can explain the high reactivity of
2e•– towards the coupling reaction (see the discussion concerning the secondary
species)
- the position of the optical absorption band (437 nm) is typical for a ketyl such
as 2e•–. In comparison, the ketyl of furan-2,5-dicarbaldehyde absorbs at 427 nm,
whereas the corresponding semidione absorbs at 456 nm (see § 2.5)
- the fact that new lines add reversibly and symmetrically to the ESR spectrum
by changing the temperature may be due to the presence of slow and fast
exchange ion pairs for 2e•–, as was reported in the same experimental conditions
for 2a•–, the radical anion of thiophene-2,5-dicarbaldehyde.16,67 In such a case,
the transition between slow exchange ion pair (at low temperature) and fast
exchange ion pair (at high temperature) takes place with a broadening or even a
disappearance of some of the ESR lines10 and the ESR signal seems
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incompatible with the structure of the radical anion. The spectra observed at 203
K and 233 K after reduction of 2e by sodium in DME (Figure 2.9) can thus
belong to the transition region, explaining why no satisfying simulation is
obtained.
   Secondary species
Concerning the secondary species, the values of the proton-hyperfine coupling
constants revealed by ENDOR and the multiplicity of each set as indicated by
simulation do not correspond to 2e•– but rather to a dimeric form of 2e. In view
of the number of protons indicated by simulation, the following two structures
can be considered:
S
O•
S
O
CH3
O
H3C
H
H
O–
S
S
O
CH3
O
H3C
O–
•
HO
–
The left one results from the carbon-carbon coupling of two molecules of 2e•– to
give a pinacolate (which is a very plausible reaction, see § 2.1.1 on the reactivity
of ketyls), followed by the loss of an electron, for example by electron transfer
to a neutral molecule 2e. The right structure results from the loss of a hydrogen
atom by the pinacolate, for example by hydrogen transfer to 2e•–. UB3LYP/6-
31G*//UHF/3-21G* calculations97 predict values of 1.37 and 0.52 mT for the aH
of the two central protons of the left structure and a value of 0.92 mT for the
central proton of the right structure. These values are much larger than the
experimental ones, hence these structures cannot correspond to the observed
species.
The same type of calculation on 2e´•–, the semidione derived from 2e•–, predicts
proton-hyperfine coupling constants a3,3´ = 0.117 mT, a4,4´ = 0.046 mT and
amethyl = 0.042 mT.
S
S
O
O3
3´
4
4´ 
O
H3C
O
CH3 2e´
Only the three smallest experimental values agree with the calculated ones.
However, this calculation is made without symmetry restriction. It does not take
into account a possible lowering of the symmetry due to hindered rotations, of
the acetyl groups and around the central C–C bond. Such a decrease of the
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symmetry was already observed for several radical ions and ion pairs, in
particular for the semidiones derived from 1a and 1b, for which slow exchange
ion pairs were observed at low temperature and fast exchange ion pairs at high
temperature.67 In these cases most of the proton-hyperfine coupling constants of
the fast exchange ion pairs, having a multiplicity of two, are split in two
hyperfine coupling constants, one larger and one smaller, in the slow exchange
ion pair. For 2e, the temperature dependence and the slight asymmetry observed
for the ESR spectra of the secondary species can be due to this exchange
phenomenon and the presence of several rotamers of 2e´•– with close g factors,
explaining the difficulties encountered for the simulation of the spectra.
    Conclusion
Although the structures of the primary and secondary species are not definitely
proven, it is probable that 2e can be classified in the category of the reactive
aldehydes, that is, depending on the solvent and the counterion it does or does
not undergo the coupling reaction. Whereas both 2e•– and 2e •´– are detected in
DME, only the coupling product is detected in THF, showing the influence of
ion pairing on the reactivity of 2e towards the coupling reaction. Yet the order of
reactivity as a function of the size of the cation is reversed in comparison to the
usual order: the reactivity observed for 2e increases with increasing cation
radius.
2.4.3 Aldehydes 1f, 1g, 1h, 2f, 2g and 2h
X
H
O
R
X = O, R = Cl    :  1f
X = O, R = H     :  1g
X = O, R = CH3 :  1h
X = S, R = Cl    :  2f
X = S, R = H     :  2g
X = S, R = CH3 :  2h
a) Experimental results
Compounds 1f, 1g, 1h, 2f, 2g and 2h were reduced by potassium in DME (2f
also in THF). The light yellow solutions obtained primarily gave rise either to
very weak ESR signals which could not be interpreted, or to no signal at all.
After a delay of several minutes or another contact of the solution with the metal
mirror, stronger, better resolved and temperature-independent ESR spectra could
be recorded and analysed with the help of ENDOR and, for 2f and 2g, general
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TRIPLE experiments. The spectra are presented in Figures 2.11, 2.12, 2.13 and
2.14  and the values, signs and multiplicities of the hyperfine splittings in Table
2.3.
Optical spectra were recorded simultaneously, all showing a main band at ca.
480 nm except for 1g (ca. 410 nm), for which the spectrum of the paramagnetic
species may have been hidden by diamagnetic follow-products (Figure 2.15).
Some of the ENDOR signals (0.045-0.046 mT for 1f and 1g and 0.096-0.098
mT for 2f, 2g and 2h) resulted, as shown by simulations, from two or three
accidentally degenerated sets of protons. During the general TRIPLE
experiments, the corresponding signals did not react significantly, indicating that
their components have opposite signs (Figures 2.12 and 2.13). In the case of the
well-resolved ESR spectra, simulations revealed a small potassium hyperfine
splitting (not observed by ENDOR), amounting to 0.019 mT for 2f in THF and
0.016 mT for 2g in DME. Though no fully satisfying simulation was possible
for 2h, the absence of a middle line in the ESR spectrum and the hyperfine
splittings and optical spectrum, similar to those observed with 2f and 2g ,
indicate that the same type of species is formed (see the discussion).
Assignments are thus made in analogy to these compounds.
0.4 mT
B
Figure 2.11 ESR spectra obtained after reduction of 1f (top left) and 1g (top right) by
potassium in DME and their simulation (bottom).
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Figure 2.12 ESR spectrum (top), its simulation (middle), ENDOR (bottom left) and general
TRIPLE (bottom right) spectra, obtained at 253 K after reduction of 2f by potassium in THF.
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Figure 2.13 ESR spectrum (top), its simulation (middle), ENDOR (bottom left) and general
TRIPLE (bottom right) spectra, obtained at 233 K after reduction of 2g by potassium in DME.
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0.4 mT
B
Figure 2.14 ESR spectrum obtained at 298 K after reduction of 2h by potassium in DME
and its simulation.
Table 2.3   Experimental hyperfine coupling constants (mT) and g factors obtained after
reduction of 1f, 1g, 2f, 2g and 2h by potassium in DME
Position a) 1f´•– 1g´•– 2f´•– b) 2g´•– 2h´•–
3,3´ 0.202 0.207 -0.343 -0.357 0.367
4,4´ 0.046 0.045 +0.096 +0.097 0.098
7,7´,11,11´ 0.046 0.045 -0.096 -0.097 0.098
8,8´,10,10´ 0.016 0.014 +0.035 +0.032 0.033
9,9´ – 0.045 – -0.108 0.110 c)
g 2.00478 2.00472 2.00440 2.00421 2.00418
a) For numbering, see the formulas below. b) aH measured in THF. c) Value for the
protons of the methyl groups.
X
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O
O
1 1´
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R
R
8´9
9´
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11´
X = O, R = Cl    :  1f´
X = O, R = H     :  1g´
X = S, R = Cl    :  2f´
X = S, R = H     :  2g´
X = S, R = CH3 :  2h´
45
400 600 800
1f´•–
1g´•–
2f´•–
2g´•–
2h´•–
nm
A
bs
or
ba
nc
e 
/ 
ar
bi
tr
ar
y 
un
its
Figure 2.15 Electronic absorption spectra of 1f´•–, 1g´•–, 2f´•–, 2g´•– and 2h´•– measured
simultaneously with the ESR spectra (solvent, DME; counterion, K+; temperature, 298 K).
The reduction of 2g by potassium in a DME-HMPA (5:1) mixture lead to a
spectrum similar to the one obtained in DME. For 1h no improvement of the
ESR signals occurred, even after a longer reduction. The use of MTHF as
solvent remained also unsuccessful.
b) Discussion
Stasko et al. studied by ESR the electrolytically generated radical anion 1g•–.98
They found seven proton-hyperfine coupling constants aH = 0.78 / 0.425 / 0.23 /
0.191 / 0.171 / 0.125 / 0.072 mT, each attributed to one proton except the
smallest which is for two protons. These values are very different from those
obtained here reducing 1g, so that the corresponding ESR and ENDOR spectra
cannot be attributed to this radical anion. As indicated by HMO-McLachlan
calculations (see § 2.2.5, Table 2.2), 1f•–, 2f•–, 2g•– and 2h•– are also expected to
have much larger proton-hyperfine coupling constants than those observed here
reducing 1f, 2f, 2g  and 2h. The values, signs and multiplicities of the aH
detected correspond rather to the semidiones 1f´•–, 1g •´–, 2f´•–, 2g •´– and 2h´•–.
This is supported by HMO-McLachlan calculations, which are in quite good
agreement with the experimental proton-hyperfine coupling constants, as shown
in Table 2.4 for 1g´•– and 2g´•–, the semidiones derived from 1g and 2g.
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The report of Stasko et al.98 on the detection of a secondary radical after 15
minutes of electrolysis of 1g, having a narrower spectral width and identified as
a symmetrical dimer of 1g , which is probably 1g´•–, supports also this
hypothesis.
Table 2.4   Calculated a) and experimental b) aH (mT) of 1g´•– and 2g •´–
1g´•– 2g´•–
Position c) HMO Experiment HMO Experiment
3,3´ -0.144 0.207 -0.308 -0.357
4,4´ +0.051 0.045 +0.108 +0.097
7,7´,11,11´ -0.044 0.045 -0.098 -0.097
8,8´,10,10´ +0.015 0.014 +0.035 +0.032
9,9´ -0.049 0.045 -0.105 -0.108
a) For the perturbation parameters used, see § 2.2.5. QH = -1.9 mT (1g •´–) or -3.5 mT (2g´•–)
and λ = 1.2. b) Solvent DME, counterion K+, 233 K. c) For numbering, see Table 2.3.
The experimental results obtained for 1f, 1g, 2f, 2g and 2 h show that the
coupling reaction occurs readily under various conditions. The variation of the
substitution at the para position of the phenyl group, from an electron-
withdrawing group (chlorine) to an electron-donor group (methyl), has no effect
on the reactivity of 1f, 1g, 2f, 2g and 2h, contrary to the reactivity differences
expected, in view of the results of the HMO-Mc Lachlan calculations (§ 2.2.5).
Two hypothesis can explain this:
- the spin population at the carbonyl C atom of the primarily formed ketyls is
stronger than predicted by the calculations, which induces a rapid dimerisation,
even for 1f and 2f and even in the DME-HMPA mixture (as in the case of 2g).
- in spite of the good ability of DME to solvate cations, the reduction of 1f, 1g,
2f, 2g and 2h by potassium leads to tight ion pairs which, having an increased
radical character at the carbonyl carbon atom, rapidly undergo the coupling
reaction. Indirect support to this, is the fact that for 1g , whereas the
electrochemical reduction first gives 1g•–, the metal reduction in DME leads
directly to the coupling product.
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2.4.4 Aldehydes 3f, 3g and 3h
O
R
H
R = Cl    :  3f
R = H     :  3g
R = CH3 :  3h
a) Experimental results
    Primary spectra
Compounds 3f, 3g and 3h were reduced by potassium in DME. As reference
compound, 4,4´-diphenyl-benzil (3g´), the ‘dimer’ derived from 3g, was also
reduced by potassium in DME and THF. The light yellow solutions resulting
from a short contact of the dissolved compounds on the potassium mirror gave
unresolved and temperature-independent ESR spectra having approximately the
same width (0.7 - 0.9 mT) and shape (Figures 2.16, 2.17 and 2.18). ENDOR and
general TRIPLE spectra could be recorded with 3f and 3g´, allowing the
simulation of the ESR spectra (Figures 2.16 and 2.18). For 3g and 3h, the
intensity of the ESR spectra was low and no ENDOR signal was detected,
impeding any analyse.
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Figure 2.16 ESR spectrum (top left), its simulation (bottom left), ENDOR (top right) and
general TRIPLE (bottom right) spectra, observed after reduction of 3f by potassium in DME.
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0.5 mT
Figure 2.17 ESR spectra obtained after reduction of 3g (left), 3g´ (middle) and 3h (right) by
potassium in DME.
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Figure 2.18 ESR spectrum (top), its simulation (middle), ENDOR (bottom left) and general
TRIPLE (bottom right) obtained after reduction of 3g´ by potassium in THF.
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The hyperfine coupling constants, spectral widths and g factors are presented in
Table 2.5 and Table 2.6. The electronic absorption spectra corresponding to
these primary ESR spectra have comparable patterns with absorption maxima
located at ca. 480 nm (Figure 2.19).
Table 2.5   Experimental hyperfine coupling constants (mT) and g factors obtained
after reduction of 3f and 3g´
Position 3f´•– 3g´•–
ortho -0.095 (4H) -0.095 (4H)
meta +0.038 (4H) +0.039 (4H)
ortho´ -0.018 (4H) -0.018 (4H)
meta´ +0.009 (4H) +0.007 (4H)
para´ – -0.018 (2H)
g 2.00488 2.00483
O
O
orthometa
R
meta´
R
ortho´
para´
R = Cl    :  3f´
R = H     :  3g´
R = CH3 :  3h´
Table 2.6   Spectrum widths and g factors obtained after reduction of 3g and 3h
3g´•– 3h´•–
Width (mT) 0.68 0.79
g 2.00483 2.00483
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Figure 2.19 Electronic absorption spectra of 3f´•–, 3g´•– and 3h´•– measured simultaneously
with the ESR spectra (solvent, DME; counterion, K+; temperature, 298 K).
   Secondary spectra
The solutions resulting from a short contact of the dissolved compounds on the
potassium mirror were further reduced at 193 K, which caused the
disappearance of the primary spectra. After several minutes of metal contact, the
dark solutions obtained gave rise to ESR spectra different from the initial
signals. For 3g, a strong, well resolved and almost temperature-independent
spectrum (g= 2.0029) arose. ENDOR and TRIPLE experiments carried out at
193 K revealed six proton-hyperfine coupling constants aH = +0.568 / -0.540 /
-0.282 / -0.258 / +0.056 / +0.029 mT. Taking three protons for the biggest aH,
one for the second biggest and two for each of the remaining aH, a good
simulation of the ESR spectrum was obtained (Figure 2.20). For 3f, a weak and
moderately well resolved spectrum (g = 2.0036) was recorded and for 3h, the
signal (g = 2.0031) was stronger but remained unresolved (Figure 2.21).
Analysis of these spectra was not possible.
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Figure 2.20 ESR spectrum (top), its simulation (middle), ENDOR (bottom left) and general
TRIPLE (bottom right) spectra, obtained at 193 K after prolonged reduction of the solution of
3g by potassium in DME.
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1.0 mT
Figure 2.21 ESR spectra obtained at 298K after prolonged reduction of the solutions of 3f
(left) and 3h (right) by potassium in DME.
b) Discussion
    Primary species
3f and 3g´: the good agreement between experimental and calculated proton-
hyperfine coupling constants of 3g´•– allows a straightforward assignment of the
aH (Table 2.7).
Table 2.7   Calculated and experimental proton-hyperfine coupling
constants (mT) of 3g´•–
Position a) HMO b) Experiment c)
ortho -0.094 -0.095
meta +0.031 +0.039
ortho´ -0.017 -0.018
meta´ +0.005 +0.007
para´ -0.017 -0.018
a) See Table 2.5. b) Perturbation parameters: hO = 1.5 and kCO = 1.6
for carbonyl groups, kCC = 0.7 for simple binded C atoms.57 QH = -
2.4 mT and λ = 1.2. c) Solvent THF, counterion K+, 243 K.
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These values are very close to those observed after the reduction of 3f. In this
case the detected species can thus be identified as 3f´•–, the semidione coupling
product of 3f.
3g and 3h: the spectrum width and shape observed after reduction of 3g are
similar to those detected for 3g´•– in the same conditions and the g factors are
identical (see Figure 2.14 and Table 2.6). In analogy to 3f, whose reduction
gives rise to the observation of 3f´•–, the ESR data recorded after the reduction
of 3g can be attributed to the semidione 3g´•–. In the same way, the data
obtained after reduction of 3h can be attributed to the semidione 3h´•–.
   Secondary species
The spectra recorded after a further reduction of 3f and 3h are unresolved and
analysis is not possible.
Concerning 3g, Christidis and Heineken studied the radical anion obtained by
reduction of 4-methyl-biphenyl with potassium metal.99 They reported six
proton-hyperfine coupling constants aH7 = 0.567 mT, aH4´ = 0.541, aH2 = 0.283,
aH2´ = 0.256, aH3 = 0.057 and aH3´ = 0.029.
CH3
22´ 33´
44´
7
The values and multiplicities obtained after prolonged reduction of 3g are
identical to these data, so that the observed species can be identified
unambiguously as the radical anion of 4-methyl-biphenyl.
The transformation of the carbonyl group of aldehydes into methylene can take
place under various conditions. Several reducing agents have been used besides
those of the classical Clemmensen (zinc amalgam and concentrated hydrogen
chloride) and Wolff-Kishner (hydrazine hydrate and a base) reductions, but
potassium metal was not reported until now.100
The mechanism leading to the formation of 4-methyl-biphenyl from 3g remains
unclear. In view of the high tendency of aromatic aldehydes towards reductive
coupling (see § 2.1.2), a possible pathway would be the formation of a
diamagnetic pinacolate by C–C coupling of 3g•– followed by reduction to the
hydrocarbon (with rupture of C–O and central C–C bonds), as this was already
observed for some electrolytically reduced aromatic ketones.101
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    Conclusion
Though the solvent employed for the reduction of 3f, 3g and 3h (DME) favours
the solvation of the counterion and the formation of loose ion pairs and free
ions, only the corresponding semidiones are detected as primary species. As for
1f, 1g, 2f, 2g and 2h, the variation of the substitution at the para position of the
phenyl group, from an electron-withdrawing group (chlorine) to an electron-
donor group (methyl), has no effect on the reactivity of 3f, 3g and 3h, contrary
to the differences of reactivity expected from HMO-Mc Lachlan calculations (§
2.2.5). The same hypothesis as for 1f, 1g, 2f, 2g and 2h can be made to explain
this result (see § 2.4.3).
The formation of semidiones is not a very efficient reaction in the case of 3f, 3g
and 3h, as showed by the weak ESR spectra and the formation of secondary
species.
2.4.5 Aldehyde 3i and dialdehydes 4a, 4b, 4c and 4d
The reduction of 3i by potassium in DME gave a weak and unresolved
spectrum, whose g factor was approximately 2.0048. Analysis of this spectrum
was not possible. The reduction of 4a, 4b, 4c and 4d by potassium in DME or
THF did not give rise to any ESR signal.
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2.5 Mechanistic study
The ‘one pot’ formation of semidiones by metal reduction of aryl- and
heteroaryl-carbaldehydes has, to our knowledge, never been mentioned in the
literature apart from the quite recent reports already cited on 1a, 1b, 3a and
3b.67-69 The mechanism underlying the reaction is not clearly established and
two main pathways can be envisaged, as depicted in Scheme 2.13.
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Ar O
Ar
Ar
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Ar
O
H
Ar
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ArCHO• –  M+
ArCHO• –  M+ArCHO
- 2 H
//  M+
• –
2–
- 2 H, - e–
//  M+
• –
//  2 M+
Scheme 2.13 Possible mechanisms for the coupling reaction.
The primarily formed ketyl can react with the parent aldehyde to give a radical
dimer, which was already proposed.68,69 Alternatively, two ketyls can couple to
form a diamagnetic diolate, this route being often encountered in carbon-carbon
coupling reactions induced by electron transfer (reductive couplings).
Dehydrogenation of the intermediate dimers, preceded or followed by the
release of one electron in the case of the pinacolate, leads to the semidione
product. For the mechanism of dehydrogenation, Shohoji proposed an
elimination of hydride catalysed by M+ and followed by the loss of a proton.69
The aim of the following study is to try to unravel the mechanism of the
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coupling reaction, on the basis of experimental results (kinetic and product
analysis) and quantum mechanical calculations.
2.5.1 Experimental results
a) Kinetic study by simultaneous ESR and optical spectroscopy
In order to gain insight into the mechanism of a reaction, a kinetic study is very
useful.102 ESR and visible UV spectroscopy can be used to follow the rates of
reactions involving radical species, by monitoring the ESR line intensity, resp.
the absorbance, with respect to time.11,103,104 For the coupling reaction, the time
dependences for the disappearance of the primarily formed ketyls and the
appearance of the semidiones can be investigated by these two methods.
Moreover, optical spectroscopy can show the presence of diamagnetic
intermediates or follow-products, which are not be detectable by ESR.
The following conditions have to be respected for a correct kinetic study of the
coupling reaction:
- it is necessary to choose an aldehyde that can undergo the coupling reaction,
depending on the pairing conditions (solvent, metal, temperature and
concentration). From the preceding studies, it was established that aldehydes 1a
and 3a are such ‘reactive’ compounds
- for a given reactive aldehyde, one must find the right experimental conditions
for which the disappearance of the ketyl and as the case may be the appearance
of the semidione take place in a lapse of time allowing monitoring and recording
of the time dependences (at least several minutes and at most few hours).
Because of the high sensitivity of the reaction’s kinetic towards the various ion-
pairing parameters, several experiments have usually to be run until favourable
conditions are met.
Practically, the aldehydes are carefully reduced at 193 K until a little amount of
the ketyl is formed (light colouring of the solution). The sample is then
immediately transferred to the optical microwave cavity and the ESR and
electronic absorption signals are recorded.
57
    Furan-2,5-dicarbaldehyde    1a  
O
O O
HH
O
O
O
O
O
O
H H
1a 1a´
1a  was reduced by sodium, potassium or cesium in DME or THF, at a
temperature ranging between 213 K and 298 K. The substrate concentration was
varied between 0.0005 M and 0.01 M.
The results obtained agree well with those reported previously by Scholz and
Gescheidt et al.,67,68 showing the reactivity of the ketyl ion pair 1a•–/M+ towards
the coupling reaction (see § 2.1.3). Thus, most of the experiments run in DME,
at low temperature and/or with low substrate concentration first showed an ESR
signal in the form of a triplet of triplet, corresponding to the ketyl ion pairs 1a•–
/Na+ or 1a•–/K+. When cesium was used an additional splitting was observed,
caused by the interaction with the 133Cs nucleus. Most of the experiments run in
THF, at high temperature and/or with high substrate concentration showed an
ESR signal in the form of an unsymmetrical multiplet, similar to that reported
for the semidione coupling product 1a´•–. However, when at first a prolonged
reduction of 1a was effectued, 1a•–/M+ was the only species detected,
independently of the experimental conditions.
In addition optical spectra were recorded, showing a main absorption band at
427 nm (± 1 nm) for the ketyl (yellow solution) and at 457 nm (± 1 nm) for the
semidione (blue solution). In the later case a broad band at ca. 570 nm was also
often visible, corresponding to one or more diamagnetic species whose structure
is discussed in § 2.5.2.
In some experiments (see Table 2.8) it was possible to record ESR and optical
spectra showing both a decrease of the ketyl concentration and an increase of the
semidione concentration while the temperature was kept constant. This allowed
the time profiles of ESR signal intensities and optical absorption bands for these
two species to be plotted. As an illustration, Figures 2.22 and 2.23 present the
ESR and optical spectra obtained simultaneously after reduction of 1a by
potassium at 253 K, respectively by cesium at 243 K.
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Figure 2.22 ESR (top left) and optical (top right) spectra recorded simultaneously after
reduction of 1a (0.002 M) by potassium in DME at 253 K. Time profiles of ESR signal
intensity and/or optical absorption (in arbitrary units) for the ketyl (bottom left), the
semidione and the diamagnetic species (bottom right).
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Figure 2.23 ESR (top left) and optical (top right) spectra recorded simultaneously after
reduction of 1a (0.001 M) by cesium in DME at 243 K. Time profiles of ESR signal intensity
and/or optical absorption (in arbitrary units) for the ketyl (bottom left), the semidione and the
diamagnetic species (bottom right).
The ESR spectra in these figures clearly show two components. The first
component, whose intensity diminishes with time, corresponds to the ketyl. The
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second one, whose intensity increases, corresponds to the semidione. The optical
spectra show the decrease with time of the band corresponding to the ketyl (427
nm) and the growth of the bands corresponding to the semidione (457 nm) and
to the diamagnetic species (ca. 580 nm). The figures also show, for the ketyl, a
rather good correlation of the time profile of the ESR signal intensity with the
time profile of the absorption band. For the semidione, the slight difference
between the two time profiles can be explained by the overlap of its absorption
band with the broad absorption band of the diamagnetic species, which is more
intense and whose growth is shifted back relative to that of the semidione.
    Benzene-1,4-dicarbaldehyde    3a   and ring-d   4  -   3a  
O
HO
H
3a 3a´
O
H
O
O
O H
3a was reduced by sodium or potassium in DME-HMPA, DME, THF or MTHF,
at a temperature comprised between 213 K and 298 K. The substrate
concentration was varied between 0.001 M and 0.015 M.
The results obtained show the reactivity of 3a•–/M+ towards the coupling
reaction, as reported by Shohoji.69 With experimental conditions favouring the
formation of free ions or loose ion pairs, the ESR spectrum observed was
usually that of the ketyl 3a•– (Figure 2.24), whereas with experimental
conditions favouring ion pairing, the ESR spectrum observed was usually that of
3a´•–, the semidione coupling product. However, as for 1a, 3a•–/M+ was the
only species detected after a prolonged reduction of 3a, independently of the
experimental conditions.
The optical spectra showed, for the ketyl, a relatively strong absorption at 387
nm (± 2 nm) and a medium and broad one at ca. 600 nm (blue solution) (Figure
2.24). The semidione had a very weak absorption at 417 nm (± 1 nm), which
was almost always hidden by a strong and broad band at ca. 500 nm,
corresponding to one or more diamagnetic species formed either after the ketyl
or after the semidione and giving a pink to orange-red colour to the solution.
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Figure 2.24 ESR spectrum (top left), its simulation (bottom left) and optical spectrum
(right) of 3a•– obtained at 298 K after reduction of 3a by potassium in DME. The simulation
was performed with aH values close to those already reported.105
In some experiments (see Table 2.8), ESR and optical spectra showing the
decrease of the ketyl concentration at constant temperature could be recorded.
The time profiles of ESR signal intensities and optical absorption bands were
also plotted. As an illustration, Figure 2.25 presents the optical spectra obtained
at 298 K after reduction of 3a by sodium in DME.
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Figure 2.25 Optical spectra (left) recorded at 298 K after reduction of 3a (0.002 M) by
sodium in DME. Time profiles (right) of ESR signal intensity and optical absorption at 387
nm for the ketyl (in arbitrary units).
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These spectra show the decay with time of the bands corresponding to the ketyl
(387 nm and 600 nm) and the growth of a band corresponding to the
diamagnetic species (500 nm). Figure 2.25 also shows the good correlation of
the time profile of the ESR signal intensity with the time profile of the optical
absorption for the ketyl.
As the ketyl concentration was decreasing, the ESR spectrum of the semidione
became sometimes visible. Due to the overlap of the two ESR spectra and to a
quite low resolution, it was difficult to determine the signal intensity of the
semidione as long as some ketyl was still present. Concerning the optical
spectra, the absorption band corresponding to 3a´•– was hidden by the strong
band of the diamagnetic species.
In order to be able to distinguish the ESR signal of the semidione from that of
the ketyl and to determine its intensity, the study of ring-d4-3a was undertaken.
This compound was reduced by potassium in DME or THF, at a temperature
ranging between 233 K and 298 K, the substrate concentration being varied
between 0.001 M and 0.013 M.
Whereas the optical spectra obtained were identical to those observed with 3a,
quite different ESR signals resulted from the replacement of the aromatic
hydrogen atoms of 3a by deuterium atoms, as depicted in Figure 2.26.
D D
DD
O
H O
H
ring-d4-3a
0.4 mT
semidione
B
Figure 2.26 ESR spectrum (top) and simulation (bottom) of a mixture of ketyl and
semidione, obtained after reduction of ring-d4-3a (0.006 M) by potassium in DME at 233 K.
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Thus the signal of the semidione, appearing as an unresolved peak, could be
easily distinguished from that of the ketyl, a triplet having a smaller g factor and
whose components remained unresolved. A good simulation of the ESR signal
was obtained using the values of the proton hyperfine coupling constants of 3a•–
and 3a´•– 69,105 corrected by a factor of 0.15 for the deuterium atoms (Figure
2.26). This factor corresponds to the ratio of nuclear g factors gN(D) / gN(H) and
explains the decrease of the overall range of the spectra.10
As expected, the experimental results showed for ring-d4-3a•–/M+ the same
reactivity as 3a•–/M+ towards the coupling reaction. In experiments where a
little of the semidione was formed along with the ketyl, the ESR spectra
indicated that it was present from the beginning and that its concentration
remained constant during the experiment. As for 3a•–/M+, the time profiles of
the ESR signal intensity and of the optical absorption band of ring-d4-3a•–/M+
presented a good correlation.
b) Kinetic analysis
As indicated previously, two mechanisms can be envisaged for the
disappearance of the ketyl during the coupling reaction: either the ketyl reacts
with the parent aldehyde or two ketyls couple. In the first case, as the
concentration of the parent aldehyde is nearly constant during the experiment
(only a small fraction of the parent aldehyde is reduced to the ketyl), the
decrease of the ketyl concentration is a pseudo-first-order kinetic. In the second
case the ketyl-ketyl coupling is a second order reaction. These kinetics are
expressed by c = c0e-kt for a first-order and by c = 1/(kt + 1/c0) for a second-
order reaction, were c is the concentration of the ketyl, c0 the initial value of c
and k the rate constant. The absorbance and ESR signal intensity of a species are
proportional to its concentration. The time profiles obtained for the ketyls of 1a,
3a and ring-d4-3a should thus be described by one of these functions. Fitting the
time profiles with the help of a computer, good fits were obtained with the
second-order function, as showed in Figure 2.27.
Due to the intrinsic duration of the reduction (several seconds) and to the delay
between the reduction and the beginning of the measurements (0.5 to 1 minute),
the time t0 of the reaction start cannot be determined precisely. It is also difficult
to evaluate the proportionality factors between concentration and ESR signal
intensity, respectively optical absorption. As a result, the real values of c0 and k
for a given experiment are very different from those obtained by the fitting
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procedure and cannot be deduced from them. Nevertheless, the half-life period
t1/2 of a reactant, which is the time required for one-half of it to be consumed,
can also characterise the rate of a reaction.
0 40 80 min.
ESR intensity
1st order fit
2nd order fit
0 20 40
Absorbance at 427 nm
1st order fit
2nd order fit
min.
0 5 10 min.
ESR intensity
1st order fit
2nd order fit
0 5 10 min.
Absorbance at 387 nm
1st order fit
2nd order fit
Figure 2.27 Time profiles of ESR signal intensity (left) and optical absorption (right) (in
arbitrary units) observed for the ketyl after reduction by potassium in DME of 1a (0.002 M,
253 K, top) and of ring-d4-3a (0.007 M, 298 K, bottom) and their fit by first- and second-
order-kinetic functions.
It is given by t1/2 = (ln 2)/k for a first-order reaction and by t1/2 = 1/(c0k) for a
second-order reaction. The ketyls’ t1/2 were calculated using the values of k and
c0 resulting from the fits of the time profiles. Close results were obtained with
both functions. However, the values obtained with the ESR signal intensity were
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almost always larger than those obtained with the optical absorption. Table 2.8
presents the values resulting from a second-order fit of the optical-absorption
time profiles.
Table 2.8   Ketyls’ t1/2 values obtained from the time profiles of the optical
absorption (second-order fit)
Ion pair Solvent T (K) caldehyde (M) t1/2 (min.)
1a•–/Na+ DME 253 0.001 0.6
1a•–/K+ DME 253 0.001 3.7
1a•–/K+ DME 253 0.002 2.3
1a•–/K+ DME 253 0.005 3.0
1a•–/Cs+ DME 243 0.001 0.6
3a•–/Na+ DME 298 0.002 3.2
3a•–/K+ THF 298 0.012 4.7
ring-d4-3a•–/K+ DME 298 0.007 1.4
For 1a, the decrease of the ketyl concentration was followed, after an induction
time, by an increase of the semidione concentration (see Figures 2.22 and 2.23).
However, kinetic analysis of the semidione time profiles proved too complex to
resolve.
c) Reactivity of 1,2-diphenyl-1,2-ethanediolate and of the dianion of benzil
in the presence of carbaldehydes
   1,2-diphenyl-1,2-ethanediolate
To degassed solutions of aldehydes 1a  and 3a in THF was added, under
vacuum, a slight excess of the disodium salt of 1,2-diphenyl-1,2-ethanediolate,
obtained by protonation of 1,2-diphenyl-1,2-ethanediol (hydrobenzoine) with
sodium hydride in THF (Scheme 2.14). Analysis by ESR of the resulting
solutions first showed spectra identical to that of 1a•–, respectively 3a•– (see
Figures 2.22 and 2.24). As the intensity of these spectra was decreasing, a
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secondary spectrum increased progressively (Figure 2.28), quite narrow (1.0
mT) and showing a reversible temperature dependence.
0.2 mTB
Figure 2.28 ESR spectrum (top) and simulation (bottom) of a mixture of 1a•–/Na+ and
3b´•–/Na+ obtained at 298 K after mixing the disodium salt of 1,2-diphenyl-1,2-ethanediolate
with 1a in THF.
An ENDOR experiment, effectued at 273 K, revealed for the secondary species
two proton-hyperfine coupling constants aH = 0.091 / 0.036 mT and a sodium
coupling constant aNa = 0.058 mT. A good simulation of the ESR spectrum was
obtained with six equivalent protons for the big coupling constant and four
equivalent protons for the small one. These values and multiplicities agree well
with those of 3b´•–/Na+, the sodium ion pair of benzil.56 The reaction of 1,2-
diphenyl-1,2-ethanediolate with aldehydes 1a and 3a thus leads to the formation
of 3b´•–, the radical anion of benzil, and to 1a•–, respectively 3a•– (Scheme
2.14). The fact that a solution of 1,2-diphenyl-1,2-ethanediolate alone in THF
showed no ESR signal ascertains that the presence of an aldehyde is necessary
for 1,2-diphenyl-1,2-ethanediolate to yield 3b´•–.
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Scheme 2.14 Formation of diphenyl-1,2-ethanediolate and reaction with aldehydes 1a and 3a.
    Dianion of benzil
Benzil (3b´) was reduced by potassium in THF until the formation of its dianion
was completed, i.e., when no ESR signal of the monoanion was detected any
more. The red solution of the dianion was then brought in contact with aldehyde
1a. The colour of the solution immediately turned to blue and analysis of the
ESR spectrum obtained revealed the presence of both 1a•– and the potassium ion
pair of 3b´•–, as showed by the simulation (Figure 2.29) obtained using the
hyperfine coupling constants of 3b´•–/K+ (see § 2.2.1).
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0.2 mTB
Figure 2.29 ESR spectrum (top) and simulation (bottom) of a mixture of 1a•–/K+ and 3b´•–
/K+ obtained at 233 K after mixing 1a and 3b´2–/2K+ in THF.
There is thus a fast electron transfer between the dianion of benzil and
carbaldehyde 1a, yielding the corresponding radical anions:
O
Ph O
Ph O
Ph O
Ph
fast
2–
ArCHO + ArCHO• –+
• –
d) Mass spectroscopy analysis
In order to obtain more informations on the species formed during the reaction,
solutions of reduced aldehydes 1a and 3a reacting under vacuum were quenched
with air. Mass spectroscopy analysis revealed, besides monomer and dimer, the
presence of important quantities of trimer and smaller amounts of tetramer.
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2.5.2 Discussion
a) First step
The fit of the time profiles indicates that the rate of disappearance of the ketyls
is of second order. Thus the first step of the coupling reaction is most probably
the coupling of two ketyl units to form a diamagnetic diolate, and not the
reaction of a ketyl with the parent aldehyde. This result is also supported by the
observation that when 1,2-diphenyl-1,2-ethanediolate (which stems formally
from the coupling of two benzaldehyde ketyls 3b•–) is in the presence of an
aldehyde (e.g. 1a  or 3a), there is formation of 3b´•–, the corresponding
semidione (Scheme 2.14).
It is known that the radical anions of furan-2-carbaldehyde (1b) and
benzaldehyde (3b) can undergo the coupling reaction because reduction of 1b
and 3b by alkali metals leads to the formation of the coupling product 1b´•–,
respectively 3b´•– (§ 2.2.1 and ref. 68 and 69). Now, considering the ketyl-ketyl
coupling reaction:
2–
Ar
H
O
Ar
O
H
2   ArCHO• –  M+ //  2 M+
O
Ar =
Ar =   Ph
1b• –
3b• –
calculation of the energy difference between product (meso isomer) and reactant
(for 1b•–, anti conformer) was undertaken. It is known that semi-empirical
models are unsatisfactory in their description of the energetics of reactions.106
The Hartree-Fock models, which completely ignore electron correlation, are not
expected to properly describe the energetic of this reaction, where the number of
electron pairs is not conserved. On the other hand, MP2 and density functional
models take partial account of correlation effects, and are expected to perform
better. Considering the extensive cost in CPU time of the MP2 model and the
higher cost of the self-consistent BP density functional model107,108 compared to
the perturbed one (pBP) (with predicted values of reaction energetics being
nearly identical106), single point energy calculations were effectued with the
pBP/DN* method. The DN* numerical basis set is the ‘same size’ as the 6-31G*
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Gaussian basis set but is less costly and in most cases, yields energies with are
closer to those resulting from the 6-311G* basis set.106 For geometry
optimisations semi-empirical (AM1), ab initio (3-21G) and DFT (pBP/DN*)
methods were tested at first. As the pBP/DN* single point energies obtained
from these structures were quite different from each other, only the DFT method
was kept.
The calculation results show that, whereas the homo coupling of ‘free’ 1b•– and
3b•– is thermodynamically very unfavourable, it becomes favourable in the
presence of lithium counterions (Scheme 2.15).
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Scheme 2.15 pBP/DN*//pBP/DN* calculations for the ketyl-ketyl coupling reaction of 1b•–
and 3b•–, without and with lithium counterion. C—O and O—Li bond lengths are given in Å.
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The highly stabilising coulombic cation-anion interaction, which competes with
the destabilising charge-localising effect of the metal cation (illustrated by the
increase of the C—O bond lengths) explains the importance of the presence of
counterions for the ketyl-ketyl coupling to succeed. A further step towards the
prediction of the reaction energetic would be to take into account solvent effects.
The mechanism of this first step is in line with the known propensity of
monoketones’ metal ketyls to reversibly form pinacolate-type diamagnetic
dimers,40,41 this tendency increasing strongly in conditions favouring ion pairing
(solvents of low polarity, small counterions) (see Scheme 2.2). The ion-pairing
effect observed for the reactivity towards the coupling reaction of some of the
aldehydes studied (the ‘reactive’ 1a, 3a and 3l) can thus be attributed to this first
step.
According to the data of Table 2.8, the variation of the t1/2 values is apparently
not related to the experimental parameters influencing the ion-pairing
phenomena (size of the counterion, solvent polarity, temperature). This is
probably due to the varying initial ketyl concentration (c0), a parameter which is
difficult to control with the experimental set-up used. However, making the
‘reasonable’ assumption that the value of c0 is comprised between 2.10-5 M and
2.10-4 M (which corresponds to a reduction rate comprised between 1% and
10% if the substrate concentration is caldehyde = 2.10-3 M) and taking for t1/2 the
mean value given in Table 2.8 (2.4 min.), one obtain for the rate k of the ketyl-
ketyl coupling reaction a value comprised between 35 M-1s-1 and 350 M-1s-1.
b) Following steps
Though a kinetic analysis of the semidione time profiles proved too complex to
resolve, two pathways can be proposed for the steps following the ketyl-ketyl
coupling, on the basis of experimental results presented here and of published
data.
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Scheme 2.16 Following steps: first pathway (counterions are omitted for clarity)
In step 1 of the first pathway (Scheme 2.16) the diolate is shown to be a one
electron donor toward the aldehyde to form the ketyl and the alkoxide radical
(oxygen radical). The credibility of this step is based, first, on the fact that 1,2-
diphenyl-1,2-ethanediolate reacts with aldehydes 1a and 3a with formation of
the corresponding ketyls 1a•– and 3a•– (see Scheme 2.14). Second, studying
single electron transfer in the Meerwein-Ponndorf-Verley reduction of
benzophenone by lithium alkoxides, Ashby and Argyropoulos have shown that
lithium alkoxides can react with benzophenone to form benzophenone ketyl and
alkoxide radicals.109 As in the experiments effectued here, the ketyl is detected
by ESR but not the alkoxide radicals. Third, studying SET in the Cannizzaro
reaction, Ashby and co-workers proposed as reaction pathway an electron
transfer between oxygen anion (base-aldehyde adduct) and aldehyde:110
ArCHO  +  OH–
ArCHO
ArCOO–  + ArCH2OH
SET
ArCOOH  +  ArCH2O
–
H
O–
OH
H  +  ArCHO• –
O•
OH
Ar Ar
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Concerning the work of Eberson who, using Marcus theory and literature values,
concluded that electron transfer to substrates such as aldehydes was not possible
in the case of the Cannizzaro reaction and a number of other reactions involving
oxygen-based nucleophiles,111 Ashby pointed out that solvent effects were not
taken into account and that broad assumptions were made on the similarity of
nucleophiles. He also mentioned the work of Blyumenfel’d and co-workers who
observed, in a number of reactions, very strong evidence of HO• being produced
by reaction of hydroxide ion with various acceptors.112 Blyumenfel’d suggested
that although electron transfer from OH– to acceptor was thermodynamically
unlikely as a singular process, if the electron transfer was followed by an
instantaneous second step in the solvent cage between HO• and another
molecule, the reaction could be overall thermodynamically possible. In the
system he studied, the instantaneous reaction in the solvent cage could be
between HO• and the radical anion of the acceptor or between either HO• or the
radical anion of the acceptor and a third molecule of OH–, acceptor or solvent.
As Ashby did for the Cannizzaro reaction,110 the instantaneous abstraction of the
β-hydrogen from the oxygen radical by the ketyl to form alkoxides a and b is
proposed here as second step (equation (2) in Scheme 2.16). Calculation, for the
first two steps, of the overall energy difference between products and reactants
with lithium counterions (pBP/DN*// pBP/DN* method) predicts values of -3.6
kcal/mol for Ar = furyl and -17.5 kcal/mol for Ar = phenyl. This shows that the
overall reaction is thermodynamically possible. Similarly to what Ashby
proposed for the Cannizzaro reaction,110 the observed ketyls 1a•– and 3a•–
(Scheme 2.14) could be due to the oxygen radical abstracting hydrogen from
solvent or reacting in some other manner allowing the ketyls to escape from the
solvent cage, be detected by ESR, and eventually react in some manner.
In step 3 the ketyl abstracts a β-hydrogen from alkoxide b to form another
molecule of alkoxide a and the semidione. Ashby reported the same type of
reaction with the radical anion of benzophenone abstracting a β-hydrogen from
lithium isopropanolate to form lithium benzhydrolate and the radical anion of
acetone.109
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Scheme 2.17 Following steps: second pathway (counterions are omitted for clarity)
This is also the reaction which occurs for the first step of the second pathway
(Scheme 2.17), where the ketyl abstracts a β-hydrogen from the diolate to yield
alkoxide a and ketyl c. Rautenstrauch43 has shown that the lithium ketyls of
aliphatic ketones containing β-hydrogens undergo a rapid intramolecular
disproportionation (H transfer) in THF to give a 1:1 enolate/alcoholate mixture
(see § 2.1.1). Ketyl c can therefore disproportionate to form dianion d and the
diolate (second step). The last step is an electron transfer between dianion d and
the starting aldehyde which gives the ketyl and the semidione. Such an electron
transfer is known to occur readily113 and is corroborated by the fast electron
transfer observed between the dianion of benzil and aldehyde 1a, yielding the
corresponding radical anions (§ 2.5.2).
For both pathways the global reaction equation is identical, involving neutral
aldehyde, ketyl and diolate as reactants and alkoxide a (two equivalents) and
semidione as products:
Ar
H
O–
Ar
O–
H O
–
Ar O•
Ar
ArCHO   +   ArCHO• –   + 2 ArCH2O
–   +
a
The following results and observations are consistent with this mechanism:
- a pBP/DN*// pBP/DN* calculation of the energy difference between products
and reactants with lithium counterions predicts values of -14.8 kcal/mol for Ar =
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furyl and -10.5 kcal/mol for Ar = phenyl (the corresponding aldehydes, 1b and
3b, undergo readily the coupling reaction). This indicates that the reaction is
thermodynamically favourable.
- the fact that one molecule of parent aldehyde takes part to the reaction explains
that for the ‘reactive’ compounds 1a and 3a only the ketyl is observed when the
reduction is prolonged (i.e., when all the starting aldehyde is reduced to its
ketyl), independently of the reaction conditions. This can also explain the fast
semidione formation observed for these two aldehydes when the concentration
of starting material is high (see § 2.5.1).
The trimers and tetramers of 1a and 3a detected by mass spectroscopy may
result from the coupling of their semidione to further ketyls, these reactions
being possible only for dialdehydes. The diamagnetic species observed by
visible UV spectroscopy may correspond to these oligomers.
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2.6 Conclusion
This study has confirmed the strong influence of the spin population at the
carbonyl carbon atom on the reactivity of carbaldehydes towards the coupling
reaction. Reduction of carbaldehydes having a low spin population at the
carbonyl carbon atom (e.g. 4-nitrobenzaldehyde (3j), Figure 2.30) leads to the
corresponding radical ions whereas those having a high spin population (e.g.
benzaldehyde (3b)) undergo immediately the coupling reaction upon metal
reduction.
Figure 2.30 LUMO of 3j (left) and 3b (right) according to Hückel calculations.
For carbaldehydes having an intermediate spin population the reactivity towards
the coupling reaction can be controlled by ion-pair formation (e.g. 1a, 2e, 3a).
With factors favouring free ions or loose ion pairs (polar solvent, low
temperature), the species detected after electron transfer to the aldehyde is the
corresponding radical anion. Using a less polar solvent or increasing the
temperature, the separation between the positive and negative ions decreases.
The increased electrostatic interaction leads then to increased charge density and
decreased spin population on the ketyl oxygen atom, and therefore to an increase
in spin population at the carbonyl carbon atom. The enhanced radical character
at the carbonyl carbon atom of these tight ion pairs promotes the coupling
reaction, which proceeds in two main steps (Scheme 2.18). The first step (i)
involves a reversible ketyl-ketyl coupling and is responsible for the ion-pairing
effect observed. Its rate constant has a magnitude of ca. 102 M-1s-1. The resulting
diolate reacts with the parent aldehyde and another ketyl to yield the semidione
and two equivalents of alkoxide (ii). During this second, irreversible step, an
electron transfer either precedes or follows two successive hydrogen transfer.
Diamagnetic oligomers are also formed.
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Scheme 2.18 Mechanism of the coupling reaction.
The fact that 1f, 1g, 2f, 2g, 2h, 3f, 3g and 3h, predicted to be ‘reactive’, give rise
to the formation of the corresponding semidiones independently of the chemical
environment, indicates some limits of the Hückel model for reactivity
predictions.
Lastly, the coupling reaction is not the only pathway: though the structure of the
paramagnetic species obtained after reduction of the halogenated thiophene-
carbaldehydes 2c and 2d could not be determined, it is probable that a cleavage
of the carbon-halogen bond takes place. For 3f, 3g and 3h secondary species are
observed, which for 3g correspond to the radical anion of 4-methyl-biphenyl.
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3 Radical ions of crownophanes derived
from tetraphenylethene. Solution structure
and ion-pairing phenomena
3.1 Introduction
Organic molecules consisting of numerous π centres often are efficient electron
donors and acceptors. Therefore, such organic molecules have been regarded as
constituents of, e.g., redox switches114-124 or of organic wires.125-130
The oxidation and the reduction potentials are closely related to the orbital
energies of the frontier orbitals. For a π system, the energy gap between the
highest occupied and lowest unoccupied orbital (HOMO-LUMO gap) decreases
when the number of sp2 hybridised centres is increased. Consequently extended
π systems can readily accept and donate electrons. One of the early examples in
this respect is tetraphenylethene (6) consisting of 26 conjugated π centres.
ortho
meta
meta´
ortho´
para
6
Both, radical anions and radical cations of 6 generated by one-electron reduction
and oxidation reactions have been analysed in terms of their hyperfine data
obtained from their ESR spectra.131-133 The proton-hyperfine coupling constants
of 6•– and 6•+ indicate identical patterns due to the alternant connectivity of the
π centres.134 The HOMO and the LUMO of 6 according to the Hückel model are
shown in Figure 3.1.
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Figure 3.1 Frontier orbitals of 6 according to Hückel calculations.
In the oxidised and in the reduced stage, the central ethylene double bond is
weakened because, for the radical cation, an electron is removed from an orbital
with a strongly bonding interaction between the ethene C atoms, whereas for the
radical anion, the interaction between these centres becomes antibonding.
Therefore, isomerisations of tetraphenylethene-type molecules should occur
preferably in these open-shell stages.
The geometrical consequences of an electron transfer to or from 6 were also
inspected by electrochemical methods135,136 and electronic-absorption
spectroscopy.137
Five sets of hyperfine coupling constants aH, each due to four equivalent protons
were reported for 6•– (0.209 mT (4 H, para), 0.167 mT (4 H, ortho), 0.136 mT (4
H, ortho´), 0.081 mT (4 H, meta), and 0.036 mT (4 H, meta´)).131 These values
are almost matched by those ascribed to 6•+ (0.201, 0.150, 0.090, 0.083, and
0.050 mT, respectively).138 This shows that the phenyl rings do not rotate freely
on the hyperfine time scale and that the electron distribution in the radical anion
and the radical cation are rather similar, in line with the pairing properties
suggested by the Hückel model.
The conspicuous electron-accepting properties of 6 are indicated by the
observation that the dianion 62– is formed at almost the same potential as the
monoion136 and often occurs as a by-product when 6•– is generated by alkali-
metal reductions of 6 in ethereal solvents. This is borne out by the diminished
ESR intensity of 6•– when the formation of tight ion pairs is promoted (high
temperature, nonpolar solvents); the additional increase of the ESR line widths
indicates the shorter lifetime of 6•– by a shift in the equilibrium 2 6•–  6 +
62–.
It has been shown that 6•+ undergoes further reactions (Scheme 3.1).138 Indeed
the ESR spectrum attributable to the follow-up product dibenzophenanthrene 8•+
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grew into the ESR signal of 6•+ with gradually increasing intensity (within ca.
0.5 h; this could also be followed by additional lines in the ENDOR spectrum).
Presumably the formation of 8•+ proceeds via 1,2-diphenyl derivative 7. The
mechanism leading to the occurrence of 8•+, however, is unknown yet.
oxidation
6•+ 8•+7•+
6
Scheme 3.1 Reactivity of 6•+ according to ref. 138.
In this chapter, the generation of the radical anions and the radical cations of
tetraphenylethene derivatives 9–13 is reported. In these molecules two 1,2
phenyl groups are connected by a polymethylene (9) or polyoxyethylene (10–
13) bridge either in the para (9–12) or in the ortho (13) positions.
The altered electronic structure, geometry, and the chelating ability of the
oxygen atoms in the (crowno)-phane moieties of 9–13 in respect to the parent
compound 6 should lead to distinct changes of the geometry and the reactivity of
the corresponding radical ions. The hitherto published aH of parent 6•–/6•+ were
only derived from the ESR spectra, and their signs were not yet determined
experimentally; therefore, these radical ions have been here also re-examined
experimentally by the ENDOR and TRIPLE techniques and by quantum
chemical calculations.97
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3.2 Results and discussion
3.2.1 ESR and optical spectra of the radical anions
The radical anions of 6 and 9–13 were generated by reduction on a potassium or
sodium mirror in THF, and their ESR spectra were studied between 193 and 273
K. In this temperature range, the ESR spectra remained almost unchanged and
were only poorly resolved. The application of ENDOR spectroscopy reveals that
the isotropic 1H-hyperfine coupling constants, aH, remain almost temperature
invariable (Table 3.1).
Table 3.1   Selected ESR parameters of radical anions 6•– and 9•––13•– (all given aH are
attributed to two equivalent protons except for 13•– (1 H))
T/K aH/mT (for the labelling of the positions, see the formulas)
meta meta´ meta meta´ ortho ortho´ ortho ortho´ para
6•– / K+ / THF 273 +0.036 +0.081 +0.036 +0.081 -0.136 -0.167 -0.136 -0.167 -0.209
6•– / Li+ / THF 193 +0.036 +0.080 +0.036 +0.080 -0.135 -0.167 -0.135 -0.167 -0.208
9•– / K+ / THF 193 +0.008 +0.022 +0.036 +0.080 -0.127 -0.127 -0.146 -0.184 -0.235 +0.252
9•– / Li+ / THF 273 +0.006 +0.037 +0.080 +0.096 -0.127 -0.127 -0.149 -0.180 -0.231 +0.251
10•– / K+ / THF 193 +0.006 +0.006 +0.035 +0.083 -0.105 -0.131 -0.161 -0.209 -0.267
10•– / Li+ / THF 193 +0.007 +0.007 +0.035 +0.084 -0.104 -0.131 -0.161 -0.209 -0.267
11•– / K+ / THF 193 +0.007 +0.019 +0.036 +0.084 -0.114 -0.142 -0.156 -0.198 -0.254
11•– / Na+ / THF 193 +0.007 +0.018 +0.036 +0.085 -0.117 -0.142 -0.156 -0.196 -0.250
11•– / Li+ / THF 193 +0.018 +0.037 +0.077 +0.086 -0.110 -0.137 -0.159 -0.203 -0.263
12•– / K+ / THF 193 -0.022 +0.042 +0.052 +0.068 -0.104 -0.124 -0.210 -0.229 -0.278
13•– / K+ / THF 193 +0.004 +0.028 +0.043 +0.061 +0.075 +0.094 -0.106 -0.122
-0.132 -0.140 -0.149 -0.170 -0.185 -0.204 0.217 0.239
13•– / Li+ / THF 193 +0.022 +0.035 +0.046 +0.061 +0.081 +0.091 -0.111 -0.122
-0.134 -0.145 -0.157 -0.179 -0.185 -0.228 -0.242 -0.285
Addition of LiCl to the solutions of the radical anions generally did not lead to
the detection of significantly different ESR/ENDOR spectra; only in the case of
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11•– a slight increase of the biggest aH was noted. Possibly, interaction of the
crown-ether moiety with Li+ leads to a small change of the twist of the phenyl
groups without changing the overall Cs symmetry. The macrocycle 18-crown-6
is a favoured ligand for the K+ cation. Thus, crownophane 11 should bind to K+
(and likewise Na+). Reduction of 11 in THF on a Na mirror led to the detection
of the same aH as with K+ as the counterion. Thus, no specific interaction
between the crown-ether moiety and these alkali-metal cations could be
established.
In agreement with formerly published data,131 the ENDOR spectra obtained bear
out that the parent radical anion 6•– possesses five sets of four equivalent
protons (Figure 3.2).
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Figure 3.2 ESR spectrum (top left), its simulation (bottom left), ENDOR (top right) and
TRIPLE (bottom right) spectra of 6•– (solvent, THF; counterion, Li+; temperature, 193 K).
As expected, the free rotation of the four phenyl groups is restricted and the two
ortho and the two meta positions are not equivalent. The biggest aH (0.209 mT)
is assigned to the para hydrogen whereas the aH of 0.167 and 0.136 mT stem
from the two different ortho protons. The smallest aH of 0.081 and 0.036 mT
consequently are attributed to the meta protons. A detailed assignment of the aH
can be achieved by comparing the experimental values with the calculated ones
(see below).
The connection of the 1,2 diphenyl groups by a alkyl or polyoxyethylene bridge
as in 9–13 diminishes the C2v symmetry of the parent tetraphenylethene. In 9–13
the maximum achievable symmetry is Cs with pairwise equivalent phenyl
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groups. The decrease of symmetry depends on the conformation of the
connecting chain. It is shown in Table 3.1 that 9•––12•– possess eight or nine
different aH. Moreover, the ESR simulations indicate that all aH correspond to at
least two equivalent protons (Figure 3.3), revealing that the phenyl groups are
pairwise equivalent (Cs symmetry).
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Figure 3.3 ESR spectrum (top left), its simulation (bottom left) and ENDOR spectrum
(right) of 10•– (solvent, THF; counterion, K+; temperature, 243 K).
In principle the sizes of the aH have a very similar pattern as those of parent 6•–.
The positive sign of the biggest aH of 9•– (0.252 mT) suggests that this aH can be
attributed to the β-methylene protons of the decamethylene chain. Accordingly
the aH of 0.235 mT is assigned to the para protons of the unsubstituted phenyl
groups. The remaining aH  then belong to the ortho (negative sign) and meta
(positive sign) positions (Table 3.1). In 10•––12•– the highest aH have a negative
sign and in analogy to 6•– belong to the para protons of the 1,2-phenyl groups.
The remaining aH correspond to those of 9•– and are assigned in an analogous
way.
The number of aH detected in the ENDOR spectra of 13•– is 14 vs 8 or 9 in the
remaining crownophanes (Figure 3.4, right), and the simulation of the ESR
spectrum is successfully achieved when each of this coupling constants is
attributed to one single proton (Figure 3.4). This exhibits that bridging at the
ortho positions of 13 causes a rigid arrangement of the 1,2-phenyl groups; i.e.,
the free rotation of these phenyl groups is hindered and a lowering of the
symmetry arise (on the time scale of the ESR experiment).
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Figure 3.4 ESR spectrum (top left), its simulation (bottom left)) and ENDOR spectrum
(right) of 9•– (solvent, DME; counterion, K+; temperature, 193 K).
It is noteworthy that the aH of the radical anions and their multiplicities are
almost independent of the temperature and the counterion. No significant
changes can be detected on going from the relatively huge and polarisable
counterion K+ to the hard and small Li+ (Table 3.1). Comparison of the aH of 9•–
containing a decamethylene bridge with 10•– in which the 10-centre bridge
contains four oxygen atoms reveals only marginal differences caused by two
additional aH in 9•– stemming from two β-protons of the decamethylene group
and some deviations in the aH values which can be traced back to differing
electronic effects of the CH2 groups and O atoms. It seems justified to assume
that the Coulombic interaction between the negatively charged
tetraphenylethene π system and the alkali-metal cation dominates the
complexation at the crownophane moiety. Even in the case of 12 where the para
benzo ester group leads to a concentration of the negative charge at the carbonyl
O atoms, no particular ion-pairing effects by the Li+ cation can be established.
The electronic absorption spectra of 6•– and 9•––13•– show comparable patterns
with prominent bands at ca. 500 nm and 600–800 nm (Figure 3.5) and agree
well with the spectra of 6•– published previously.132,137 Even in the case of 12•–
at which a Li+ cation could also bind to the carbonyl oxygen, addition of LiCl
does not affect the electronic spectrum (see insert in Figure 3.5). The band at
600–800 nm is assigned to the SOMO-LUMO + 1 transition.
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Figure 3.5 Electronic absorption spectra of 6•– and 9•––13•– measured simultaneously with
the ESR spectra (solvent, THF; counterion, K+; temperature 243 K).
3.2.2 ESR and optical spectra of the radical cations
The radical cation of 6 was described many years before by Lewis and Singer139
and more recently by Eberson and co-workers.138 The ESR spectra obtained
here after chemical oxidation of 6 by various methods and ascribed to 6•+
correspond to the experimental spectra already reported. The use of the ENDOR
technique reveals, in agreement with Eberson’s data, that five different aH
values, each belonging to four equivalent protons, lead to the observed line
pattern. This corroborates the finding that the pairs of ortho and meta protons in
6•+ are not equivalent in the temperature range from 193 to 273 K.
Oxidation of 9–13 with TlIII trifluoroacetate or tris(p-bromophenyl)ammoniumyl
hexachloroantimonate in HFP, trifluoroacetic acid or CH2Cl2 as the solvent led
to the detection of ESR spectra. In most cases the ESR signals are attributable to
the radical cations of 9–13 but often also present superimposed signals.
When crownophane 10 is oxidised with TlIII trifluoroacetate in CH2Cl2 a partly
resolved ESR spectrum is detected. The simulation of the ESR curve with the
coupling constants taken from the corresponding ENDOR spectrum leads to a
favourable agreement when each aH is attributed to two equivalent protons
(Figure 3.6).
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Figure 3.6 ESR spectrum (top left), its simulation (bottom left) and ENDOR spectrum
(right) of 10•+ (solvent, CH2Cl2; counterion, CF3COO–; temperature 273 K).
Oxidation of 9 with TlIII trifluoroacetate in CH2Cl2, at 193 K leads to an ESR
spectrum with a large positive aH of 0.493 mT (2H), marking a slow exchange
between the two β-methylene protons on the hyperfine time scale. At 273 K this
coupling is replaced by aH = 0.292 mT (fast exchange, four equivalent protons).
Owing to the unresolved ESR signal, a specific simulation of the dynamic
process of the conformational interconversion of the decamethylene chain is not
possible. The free enthalpy of the interconversion can be estimated to ca. 25 kJ
mol-1 based on the difference of the coupling constants in the slow-exchange
time domain and the temperature at which the equilibration of the two aH values
occurs.140 The aH of 10•+ and 11•+ presented by the ENDOR spectrum are rather
similar to those of 9•+ except that the aH of the β-protons are missing because
the p-methylene group is replaced by O atoms (Table 3.2). The carbonyl groups
in 12 with their electron-accepting effect shift the positive charge and the spin to
the two unsubstituted phenyl groups. Therefore the aH attributed to the para
protons increase relative to 6•+ and 9•+–11•+.
In 13•+ where the –O((CH2)2O)2(CH2)2O– bridge is attached at the ortho
positions where the MO coefficients are smaller than in the para positions, the
aH become close to those of parent 6•+ (Table 3.2).
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Table 3.2   Selected aH of radical cations 6•+ and 9•+–13•+ (all given aH are attributed to
two equivalent protons except for 13•+ (1 H) and ESR spectra taken in HFP as the solvent)
oxidant/solvent T/K aH/mT
6•+ Tl(O2CCF3)3/CH2Cl2 193 +0.050 +0.087 -0.139 -0.152 -0.209
Tl(O2CCF3)3/HFP 273 +0.051 +0.089 -0.143 -0.208 -0.239
9•+ Tl(O2CCF3)3/CH2Cl2 193 +0.006 +0.044 +0.071 +0.084 -0.122 -0.131 -0.146
-0.156 -0.175 +0.493
273 +0.005 +0.044 +0.065 +0.083 -0.123 -0.130 -0.145
-0.155 -0.170  +0.292 (4 H)
(pBr-C6H4)3N•+ SbCl6–/HFP 303 +0.006 +0.020 +0.032 +0.044 +0.056 +0.067 +0.082
+0.088 -0.111 -0.118 -0.134 -0.147 +0.156 -0.166
+0.300
10•+ Tl(O2CCF3)3/CH2Cl2 193 +0.006 +0.021 +0.024 +0.032 +0.063 +0.067 -0.083
-0.089 -0.104 -0.120 -0.133
(pBr-C6H4)3N•+ SbCl6–/HFP 273 +0.004 +0.013 +0.020 +0.030 +0.061 +0.071 -0.095
-0.101 -0.123 -0.129 -0.140
Tl(O2CCF3)3/HFP 273 +0.003 +0.009 -0.020 +0.035 +0.054 +0.069 -0.083
+0.124 -0.165 -0.198 +0.228 +0.315
11•+ Tl(O2CCF3)3/CH2Cl2 193 +0.006 +0.017 +0.028 +0.042 +0.069 -0.095 -0.119
-0.137 -0.147 -0.163
Tl(O2CCF3)3/HFP 273 -0.022 -0.083 +0.125 -0.178 -0.196 +0.231 +0.315
12•+ Tl(O2CCF3)3/CH2Cl2 193 +0.012 +0.049 +0.060 +0.080 +0.089 -0.125 -0.137
-0.150 -0.165 -0.249
Tl(O2CCF3)3/HFP 273 +0.011 +0.045 +0.064 +0.080 +0.090 -0.123 -0.160
-0.160 -0.173 -0.269
13•+ Tl(O2CCF3)3/CH2Cl2 193 +0.051 +0.080 +0.107 -0.115 -0.147 -0.189
Tl(O2CCF3)3/HFP 273 +0.007 +0.020 +0.043 +0.050 +0.063 +0.082 +0.093
-0.105 -0.116 -0.119 -0.143 -0.157 -0.193 -0.207
Generally, the ESR spectra ascribed to the radical cations of 9–13 generated by
oxidation with TlIII trifluoroacetate in CH2Cl2 or tris(p-bromophenyl)ammo-
niumyl hexachloroantimonate can be simulated using the aH and assuming
pairwise equivalent protons. Therefore it seems justified that the maximum
achievable C2 symmetry of 9•+–13•+ exists on the hyperfine time scale, i.e., the
bridging in the para or ortho positions does not severely affect the symmetry of
the electron distribution in the tetraphenylethene π system.
The solutions of 6•+ and 9 •+–13•+ in CH2Cl2 give rise to almost matching
absorption spectra (Figure 3.7). As for the radical anions they agree very well to
89
the spectra reported by Suzuki et al.137 Two main bands are located at ca. 500
and ca. 880 nm and a third band around 630 nm is discernible. According to PPP
calculations the absorption at ca. 500 nm was assigned to the SOMO–LUMO
transition whereas long wave band was ascribed to a SOMO-1–SOMO
transition. It is noteworthy that the spectra are almost identical for all radical
cations and correspond to 6•+ generated by γ irradiation in a Freon matrix.137
Figure 3.7 Electronic absorption spectra of 6•+ and 9•+–12•+ measured simultaneously
with the ESR spectra (solvent, CH2Cl2; counterion, SbCl6–; temperature 263 K).
3.2.3 Effect of HFP as the solvent
It is peculiar that the use of HFP as solvent leads to markedly altered ESR and
ENDOR spectra particularly for 9–11 and 13 but not for the ester 12. As an
example, the ESR spectra recorded after oxidation of 12 is shown in Figure 3.8.
The prominent differences between the spectra obtained after TlIII
trifluoroacetate oxidation in CH2Cl2 and in HFP as the solvent are: (i) In HFP a
higher number of coupling constants is detected. (ii) The aH measured in HFP
reach significantly higher values than in CH2Cl2.
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Figure 3.8 ESR (left) and ENDOR (right) spectra of 12•+ (solvent, HFP; counterion,
CF3COO–; temperature 273 K).
A rationale for these observations could be the intramolecular coupling reaction
analogous to 6•+ shown in Scheme 3.1.138 But none of the aH detected are
consistent with rearrangement products such as radical cations derived from
dibenzoterphenyl (8) or 9,9´-bifluorene (14).
1 4
More likely, the experimental data point to a perturbed geometry of the radical
cations of 10–13 in which the spin is unevenly distributed between the four
benzene rings. Such a distortion can be caused by an altered (rigid) arrangement
of the polyoxyethylene chains induced by the binding of a cation to the crown-
ether moiety. Obviously, with the use of TlIII trifluoroacetate Tl3+ cations are
present in the solutions containing the radical cations. It is known that HFP
preferentially solvates anions. If the trifluoroacetate anions are solvated by HFP,
"naked" Tl3+ ions remain in solution and can bind to the crown-ether moieties of
10–13. The interaction of the radical cation with Tl3+ leads to four positive
charges within the molecular assembly. However, the Coulombic repulsion
between the delocalised π radical cation and Tl3+ embedded in the crown-ether
moiety is weak because of the remote sites carrying the positive charges.
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To test whether Tl3+ cations, in the presence of CF3COO– bind to crown ethers
in HFP, NMR spectra of solutions of 12-crown-4 and 15-crown-5 in HFP and in
CH2Cl2 both in the presence and in the absence of TlIII trifluoroacetate were
recorded. The conspicuous observation was that line broadening of the signal
attributed to the crown-ether protons occurred only when HFP was the solvent
and the TlIII salt was present. Therefore it seems justified to assume that Tl3+
interacts with the polyoxymethylene bridges in 10•+–13•+. It is also likely that
this effect is preferably manifested by the ESR technique because of its faster
dynamic time scale compared to NMR. A more detailed and extended study is,
however, necessary to rigorously establish these assumptions.
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3.3 Calculations
The method of choice for the calculation of aH in radical ions of extended
(planar) π systems has been the Hückel model.10,134 Indeed, application of this
simplistic procedure in these particular cases leads to a pertinent agreement of
the experimental and the calculated values. A prerequisite is the use of empirical
perturbation parameters which mimic the geometrical and the electronic
influences of the alkylidene or polyoxyethylene bridges. The steric congestion
between the facing ortho H atoms is accounted by kortho = -0.1, the inductive
effect of the alkyl or O-alkyl groups by k = -0.3, and the O atoms in the
carbonyl groups of extended π system of 12 by kO = 2.0 and hCO = 1.56.
In the recent time it was shown that density functional theory (DFT)141,142 is a
favourable tool for the calculation of isotropic hyperfine coupling constants in a
variety of radicals (see, e.g., ref. 97 and 143-149). In view of the considerable
size of compounds 10–13, it was first inspected if it is necessary to optimise the
geometry of the entire molecules or if it is sufficient to regard only the π system
in which the spin and the charge are delocalised in the radical ions. Molecular
models indicate that the polyoxyethene and the polymethylene chains
connecting the two phenyl groups possess numerous minimum-energy
conformations and allow an almost unrestricted rotation of the phenyl groups
(except 13). Optimisations (UHF/3-21G*) of 12•– and 12•+ show that the
tetraphenylethene fragment adopts an almost matching geometry as if the
crown-ether moiety is replaced by a COOH substituent. Therefore the chains
were replaced by OCH3 (10, 11) and COOH (12) groups to reduce the CPU
times. On the basis of the minimised geometry, single-point calculations with
the B3LYP107,150 hybrid functional were performed. Roughly, the aH calculated
by these procedures correspond to the shapes of the Hückel frontier orbitals;
however, the agreement between the theoretical and the experimental data is
best for the ab initio/DFT combination.97 The data are compared in Figures 3.9
and 3.10 for the radical anions and cations, respectively, of parent 6. Analogous
correlations also hold for 10/11, 12, and 13.
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Figure 3.9 Comparison of experimental and calculated aH of 6•–.
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Figure 3.10 Comparison of experimental and calculated aH of 6•+.
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3.4 Geometry of the radical ions
The geometry of the radical ions of tetraphenylethene has already been subject
of investigations. On the basis of the optical spectroscopy, it was postulated that
6•– has a different geometry than 6•+. Whereas in the radical anion the central
bond is reported to be twisted by a considerable amount (up to almost 90°), it
was assumed to be almost unaffected in the radical cation.137 On the other hand,
electrochemical studies indicated that the twist around the central bond is much
less pronounced (≤30°) and that phenyl-ring torsion plays an important role for
the geometry (and ion-pairing properties) of 6•–.136
In this respect it is interesting to compare the geometry calculated for the neutral
6, its radical anion, and the radical cation. In agreement to π electron models,
the ethenic bond of tetraphenylethene (6) is weakened upon electron removal or
electron addition (Table 3.3). As a consequence, a twist of this bond is predicted
by the AM1 model and the ab initio procedure for both radical ions. The twist
angle is rather similar in both radical ions, not exceeding 38°. For both methods,
this angle is ca. 4–8° larger for the radical anion. Compared with the X-ray
structures of neutral crownophanes in which the corresponding twist amounts to
8–14°,151 the electron transfer induces an additional bending of 20–30° (Table
3.3).
The phenyl groups are twisted out of the ethylenic plane only by ca. 33° in 6•–
and 6•+. For the neutral crownophanes 10-12, these angles amount to about 50°
according to the X-ray-determined geometry.151
The good agreement between the experimental and the calculated aH suggests
that the geometry of the radical ions of 6 and phanes 9–13 is very similar. This
is also borne out by AM1 and Hartree-Fock optimisations of the radical cation
and anion of 12 and 13 and model system of 10/11, and 12 in which the twist
angles of the ethenic bond and the phenyl groups reach almost the same values
as in 6•–/6•+ (Table 3.3).
To test the significance of these statements the central bond in the optimised
geometry of 6•–/6•+ was twisted by 90° and the aH were computed by the
unrestricted B3LYP method. The thus-calculated aH possess the same order of
magnitude as the values obtained from the minimised geometry (Figures 3.9 and
3.10). It is, however, apparent that the aH obtained from the optimised geometry
present a better agreement with the experimental values. In addition,
optimisations were begun with the diphenylmethylene fragments being
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orthogonal for both radical ions. In each case no minimum could be localised for
an almost orthogonal arrangement of the two diphenylmethylene moieties.
Table 3.3   Selected geometry parameters of tetraphenylethene and phane radical
cations and radical anions according to quantum mechanical calculations
Method b—c/Å ∠ abcd/° ∠ bcde
6 UHF/3-21G* 1.335   6.9 54.4
6•– AM1 1.415 34.3 31.3
6•– UHF/3-21G* 1.430 38.0 31.9
6•+ AM1 1.429 33.4 32.7
6•+ UHF/3-21G* 1.419 26.1 38.8
model of 10/11•– AM1 1.415 34.2 31.7
model of 10/11•– UHF/3-21G* 1.431 37.9 30.4
model of 10/11•+ AM1 1.429 33.6 35.6
model of 10/11•+ UHF/3-21G* 1.421 27.6 40.1
model of 12•– AM1 1.415 33.2 37.9
model of 12•– UHF/3-21G* 1.430 37.3 38.1
model of 12•+ AM1 1.428 33.2 30.4
model of 12•+ UHF/3-21G* 1.418 25.9 37.8
12•– UHF/3-21G* 1.434 37.7 37.9
12•+ UHF/3-21G* 1.419 26.2 36.2
13•– AM1 1.412 35.4 33.4
13•– UHF/3-21G* 1.427 33.9 32.1
13•+ AM1 1.434 35.6 34.4
13•+ UHF/3-21G* 1.424 30.4 40.3
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Hence the bond lengths and angles indicated in Table 3.3 present relevant
geometrical parameters of the radical anions and cations derived from
tetraphenylethene.
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3.5 Ion pairing in the radical anions
It is well established that the π system of 6•– and its derivatives strongly
interacts with its counterions.132,133,136,152 Therefore, it was of interest in how far
the interaction of the (crowno)phane moiety affects the electron distribution in
9•––13•–. No particular interactions between the alkylidene chain in 9 is
expected whereas 10 and 12 (and with some limitations 13) with their 12-crown-
4 type chain could serve as specific ligands for Li+ and 11, resembling 18-
crown-6, could be specific for Na+. Unexpectedly, the ESR data of the phane
radical anions indicate no significant alternations with Li+, Na+ or K+ as the
counterion. All ESR spectra remained temperature invariable in the range from
193 to 273 K. As stated above, the differences in the aH and their multiplicities
can be traced back to the reduced symmetry of the phanes 9–13 in respect to
parent 6 and to electronic effects of the alkyl, alkoxy and acyl substituents rather
than to changes of the geometry or spin-distribution.
To get insight into the association properties of the crownophanes, 12•– was
chosen as a representative example and three different structures of the ion pair
12•–/Li+ were calculated (using MNDO). In the first case Li+ was placed
symmetrically above the two phenyl rings carrying the crown-ether moiety (A),
in the second case above the two other 1,2-diphenyl groups (B) and in the third
case above the central double bond (C, Figure 3.11). Single-point calculations of
the Fermi contacts were then performed with the B3LYP functional. Whereas
the positioning of the counterion at the benzene rings causes a marked
redistribution of spin and charge to the positions next to the Li+ cation, a spin
distribution which is comparable to that found on the hyperfine time scale of the
ESR experiment emerges when the cation resides at the central (formal) double
bond (structure C).
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Figure 3.11 Ion-pair structures A, B, and C of 12•–/Li+.
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3.6 Conclusion
According to the present results, the radical anions and the radical cations of
parent 6 and phane derivatives 9–13 have a rather similar structure. The central
ethenic bond is twisted by ca. 35° and the phenyl groups tend to adopt a
conformation in which they achieve a more coplanar arrangement than in the
neutral stage (enhancement of electron delocalisation). This is corroborated by
the good correlation between the calculated (UB3LYP/6-31G*//AM1 or
UB3LYP/6-31G*//UHF/3-21G*) aH and the shapes of the frontier orbitals.
Moreover, the experimental data underline the validity of the pairing principle.
The rotation of the phenyl groups is restricted, mirrored by the lack of the
pairwise equivalence of the ortho and meta protons. Peculiarly, it was reported
that crystallisation of the tetraphenylethene radical anion had failed; however,
the X-ray structure determination of the dianion 62–/2 Na+ reveals a twist angle
between the two diphenylmethylidene moieties of 56˚ with the Na+ counterions
above the central (formal) C=C bond.153 This arrangement is in line with the
ion-pair geometry stated for the monoanions.
Radical anions in which a crown-ether moiety is attached to a π system have
been described. It was shown that the crown ether may well serve as a ligand to
metal cations.154-158 In these systems, like 15, an oxygen atom carrying a partial
negative charge serves as an additional ligand to the metal cation which then is
also embedded in the crown-ether moiety.
O
O
N
OO
O O
1 5
Such an arrangement is not possible in the phanes 9–13. The negative charge is
exclusively delocalised in the tetraphenylethene π system and the phenyl rings
are oriented in such a way that a simultaneous interaction of the crown ether, the
π system as the ligands, and the alkali metal atom is not possible. As a
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conclusion the coulombic attraction between the negatively charged π system
and the metal cation is too strong to be matched by the interaction between the
crown ether and the cation.
The solution structures of the radical cations closely match the geometry
established by X-ray diffraction analysis of crystalline tetraanysilethene159
where the ethenic bond is twisted by 30.5° and phenyl-ring torsion amounts to
33° (cf Figure of Table 3.3). For the radical cations no specific association with
counterions could be established by the experimental techniques used here;
however, it is conceivable that metal cations such as Tl3+ can be embedded
inside the crown-ether moiety which is remote from the positively charged π
system.
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4 Summary
In this work, the influence of supramolecular effects on the geometry and the
reactivity of radical ions is illustrated by two examples.
The reactivity of the radical anions of aromatic carbaldehydes towards the
formation of semidiones depends on two main factors: the spin population at the
carbonyl carbon atom and the strength of the anion-cation interaction (ion-
pairing conditions). In the presence of the starting aldehyde and of the ketyl, the
diolate formed by a primary ketyl-ketyl coupling undergoes an electron transfer
and two hydrogen transfer to yield the semidione.
The study of the radical anions of crownophanes has revealed that they are not
bound to the counterions (Li+, Na+, K+, Cs+) preferentially at the crown-ether
moiety, but that an association with the delocalised, negatively charged π system
of the tetraphenylethene moiety is induced. On the contrary, there are
indications that a positively charged tetraphenylethene moiety allows the
interaction of a Tl3+ cation with the crown-ether.
102
5 Experimental section
5.1 Synthesis
Determination of physical data:
1    H NMR-spectroscopy
Spectrometers: Varian VXR 300 (300 MHz), Varian Gemini 300 (300 MHz)
and Varian Unity 500 (500 MHz). Chemical shifts are reported relative to
internal TMS.
13    C NMR-spectroscopy
Spectrometers: Varian VXR 300 (75 MHz), Varian Gemini 300 (75 MHz) and
Varian Unity 500 (125 MHz). Chemical shifts are referenced to solvents
(CDCl3: 77.0 ppm).
    Mass-spectroscopy
Spectrometer: Varian MAT 212. Only the strongest peaks are reported.
  IR-spectroscopy
Spectrometers: Perkin-Elmer 1720X and Perkin-Elmer 1760 FT.
    Elementary analysis
Apparatus: Heraeus CHNO-Rapid.
    Melting points
Apparatus: Büchi B-540 and Gallenkamp. The values are not corrected.
Commercially available substrates:
Tributylchlorostannane, n-butyllithium (1.6 M in hexane and 2.0 M in pentane),
bromo-benzene, 1-bromo-4-chloro-benzene, 1-bromo-4-methyl-benzene,
dichlorobis(triphenylphosphine)palladium(II), furan-2-carbaldehyde (1b),
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thiophene-2-carbaldehyde (2b), tetrakis(triphenylphosphine)palladium(0),
tributyl-vinyl-stannane, 4-bromo-benzaldehyde (3d), N-methyl piperazide, d4-4-
dibromobenzene (Ciba-Geigy), 3-hydroxy-benzaldehyde, 4-hydroxy-
benzaldehyde, 2,2´-dichloro-diethylether, 1,2-bis(2-chloroethoxy)ethane,
benzaldehyde (3b), biphenyl-4-carbaldehyde (3g), 4-nitro-benzaldehyde (3j), 4-
ethoxybenzaldehyde (3k), 4-cyano-benzaldehyde (3l), 1,2-diphenyl-1,2-
ethanediol, sodium hydride (60% weight dispersion in mineral oil),
tetraphenylethene (6).
Substrates prepared according to literature data:
Furan-2-yl-tributyl-stannane was prepared from furan and
tributylchlorostannane by the method of Dondoni et al.160 5-Tributylstannanyl-
furan-2-carbaldehyde and 5-tributylstannanyl-thiophene-2-carbaldehyde were
prepared from furan-2-carbaldehyde (1 b), respectively thiophene-2-
carbaldehyde (2b), and tributylchlorostannane, by the method of Dubac et al.87
4-Tributylstannanyl-benzaldehyde was prepared from 4-bromo-benzaldehyde
(3d) and tributylchlorostannane by the method of Creary et al.161 5-Chloro-
thiophene-2-carbaldehyde (2c) was prepared by the Vilsmeier formylation of 2-
chloro-thiophene.162 4,4´-Diphenyl-benzil (3g´) was prepared from 4-phenyl-
benzaldehyde (3g) by the method of Wittig.163 1,7-Bis(4-formyl-phenyl)-1,4,7-
trioxy-heptane (4a) and 1,10-bis(4-formyl-phenyl)-1,4,7,10-tetraoxy-decane
(4b) were prepared by the method of Greber93 from 2,2´-dichloro-diethylether
and 1,2-bis(2-chloroethoxy)ethane, respectively, and 4-hydroxy-benzaldehyde.
Crownophanes 9-13 were synthesised in the group of A. Fürstner.151
The remaining chemicals were obtained from the chemical stores of the
institutes of organic chemistry of the RWTH Aachen or the Universität Basel.
2-(4-Chloro-phenyl)-furan (5a):
A suspension of 2.70 g (7.56 mmol) of furan-2-yl-tributyl-stannane, 1.45 g (7.56
mmol) of 1-bromo-4-chloro-benzene and 0.18 g (0.26 mmol) of
dichlorobis(triphenylphosphine)palladium(II) in 16 ml dry THF was refluxed
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under argon for 24 hours. The reaction mixture was cooled, diluted with 20 ml
MTBE and filtered through a pad of neutral alumina (5 g). The filtrate was
washed with 2 × 15 ml water and the ether phase was dried over K2CO3.
Concentration under reduced pressure and purification of the residue (2.76 g) by
column chromatography on silica gel (hexane) afforded 0.34 g (25%) of pure
5a. 1H NMR (299.875 MHz, CDCl3): δ = 6.47 (dd, 1 H, J = 3.5, 1.9 Hz, H-4),
6.62 (d, 1 H, J = 3.5 Hz, H-3), 7.29-7.34 (m, 2 H, H-arom), 7.46 (d, 1 H, J = 1.9
Hz, H-5), 7.56-7.62 (m, 2 H, H-arom).
2-Phenyl-furan (5b):
A suspension of 2.80 g (7.84 mmol) of furan-2-yl-tributyl-stannane, 1.23 g (7.84
mmol) of bromo-benzene and 0.24 g (0.34 mmol) of
dichlorobis(triphenylphosphine)palladium(II) in 20 ml dry THF was refluxed
under argon for 4 hours. The reaction mixture was cooled, diluted with 20 ml
diethyl ether and filtered through a pad of neutral alumina (5 g). The filtrate was
washed with 2 × 15 ml water and the ether phase was dried over Na2CO3.
Concentration under reduced pressure and purification of the residue (2.38 g) by
column chromatography on silica gel (hexane/MTBE = 3/1) afforded a mixture
of 5b (226 mg, 20% yield) and bromo-tributyl-stannane (checked by NMR). 1H
NMR (299.875 MHz, CDCl3): δ = 6.46 (dd, 1 H, J = 3.4, 1.8 Hz, H-4), 6.65 (d,
1 H, J = 3.4 Hz, H-3), 7.22-7.27 (m, 1 H, H-para), 7.36-7.41 (m, 2 H, H-arom),
7.46 (d, 1 H, J = 1.8 Hz, H-5), 7.65-7.70 (m, 2 H, H-arom.).
2-p-Tolyl-furan (5c):
A suspension of 2.36 g (6.6 mmol) of furan-2-yl-tributyl-stannane, 0.97 g (5.7
mmol) of 1-bromo-4-methyl-benzene and 0.18 g (0.26 mmol) of
dichlorobis(triphenylphosphine)palladium(II) in 18 ml dry THF was refluxed
under argon for 4 hours. The reaction mixture was cooled, diluted with 20 ml
MTBE and filtered through a pad of neutral alumina (5 g). The filtrate was
washed with 2 × 15 ml water and the ether phase was dried over Na2CO3.
Concentration under reduced pressure and purification of the residue by column
chromatography on silica gel (hexane) afforded 245 mg (27%) of 5c, mixed with
traces of bromo-tributyl-stannane (checked by NMR). 1H NMR (299.875 MHz,
CDCl3): δ = 2.35 (s, 3 H, CH3), 6.45 (dd, 1 H, J = 3.4, 1.8 Hz, H-4), 6.58 (d, 1
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H, J = 3.4 Hz, H-3), 7.15-7.20 (m, 2 H, H-arom), 7.45 (d, 1 H, J = 1.8 Hz, H-5),
7.53-7.57 (m, 2 H, H-arom).
5-(4-Chloro-phenyl)-furan-2-carbaldehyde (1f):
A suspension of 1.07 g (2.5 mmol) of 5-tributylstannanyl-furan-2-carbaldehyde,
0.574 g (3 mmol) of 1-bromo-4-chloro-benzene and 35 mg (0.05 mmol) of
dichlorobis(triphenylphosphine)palladium(II) in 4 ml dry THF was refluxed
overnight under argon. The reaction mixture was cooled, diluted with MTBE
and treated with 10 ml of a solution of KF (1 g) in water. After 1 hour of
vigorous stirring, the phases were separated, the aqueous phase was extracted
with 3 × 40 ml MTBE and the combined organic phases were dried, filtered and
concentrated under reduced pressure. The residue was purified by column
chromatography on silica gel (hexane/MTBE = 2/1), giving 331 mg (64%) of
pure 1f. IR (KBr): ν (cm-1) = 1683 (s, CHO). 1H NMR (299.875 MHz, CDCl3):
δ = 6.84 (d, 1 H, J = 4.0 Hz, H-4), 7.32 (d, 1 H, J = 4.0 Hz, H-3), 7.39-7.45 (m,
2 H, H-ortho), 7.72-7.78 (m, 2 H, H-meta), 9.65 (s, 1 H, CHO). 13C NMR
(75.404 MHz, CDCl3): δ = 108.1 (C-4), 123.6 (C-3), 126.6, 129.4 (C-ortho, C-
meta), 127.6 (C-ortho -   C - C-5), 135.8 (C-Cl), 152.2 (C-2), 158.3 (C-5), 177.3
(CHO). Anal.: Calcd for C11H7O2Cl (206.63): C, 63.94; H, 3.42. Found: C,
63.60; H, 3.44. MS (EI) m/e (relative intensity): 209, 207 (5, 25); 208, 206 (38,
100; M+); 205 (29); 180, 178 (4, 13); 151, 149 (22, 72).
5-Phenyl-furan-2-carbaldehyde (1g):
A suspension of 1.55 g (4 mmol) of 5-tributylstannanyl-furan-2-carbaldehyde,
0.628 g (4 mmol) of bromobenzene and 56 mg (0.08 mmol) of
dichlorobis(triphenylphosphine)palladium(II) in 7 ml dry THF was refluxed
under argon for 20 hours. The reaction mixture was cooled, diluted with 15 ml
MTBE and filtered. The filtrate was treated with 10 ml of a saturated solution of
KF in water. After 10 minutes of vigorous stirring, the phases were separated,
the organic phase was dried, filtered and concentrated under reduced pressure.
The residue (1.1 g) was purified by column chromatography on silica gel
(hexane/MTBE = 2/1), giving 406 mg (59%) of pure 1g. IR (ether): ν (cm-1) =
1674 (s, CHO). 1H NMR (299.875 MHz, CDCl3): δ = 6.83 (d, 1 H, J = 3.7 Hz,
H-4), 7.31 (d, 1 H, J = 3.7 Hz, H-3), 7.35-7.47 (m, 3 H, H-ortho + H-para), 7.78-
7.84 (m, 2 H, H-meta), 9.64 (s, 1 H, CHO). 13C NMR (75.404 MHz, CDCl3): δ
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= 107.8 (C-4), 123.7 (C-3), 125.4, 129.1 (C-ortho, C-meta), 129.8 (C-para),
152.1 (C-2), 159.5 (C-5), 177.4 (CHO). Anal.: Calcd for C11H8O2 (172.18): C,
76.73; H, 4.68. Found: C, 76.14; H, 4.78. MS (EI) m/e (relative intensity): 173
(13), 172 (100, M+), 171 (43), 149 (10), 144 (9), 116 (13), 115 (78).
5-p-Tolyl-furan-2-carbaldehyde (1h):
First method: to a solution of 238 mg (1.51 mmol) of 2-p-tolyl-furan 5c in 5 ml
of dry THF at -78 °C was added 0.94 ml (1.5 mmol) of a 1.6 M solution of n-
butyllithium in hexane. After 90 minutes, 0.117 ml (1.51 mmol) of DMF was
added and the mixture was allowed to come slowly to room temperature. It was
then treated with 20 ml of a saturated solution of NaHCO3 in water and
extracted with 4 × 20 ml MTBE. The combined organic extracts were dried
(MgSO4), filtered and concentrated under reduced pressure. The residue (255
mg) was purified by column chromatography on silica gel (hexane/MTBE =
3/1) to give 84 mg (30%) of 1h.
Second method: a suspension of 1.07 g (2.5 mmol) of 5-tributylstannanyl-furan-
2-carbaldehyde, 0.525 g (3 mmol) of 1-bromo-4-methyl-benzene and 35 mg
(0.05 mmol) of dichlorobis(triphenylphosphine)palladium(II) in 4 ml dry THF
was refluxed overnight under argon. The reaction mixture was cooled, diluted
with MTBE and treated with 10 ml of a solution of KF (1 g) in water. After 1
hour of vigorous stirring, the phases were separated, the aqueous phase was
extracted with 3 × 40 ml MTBE and the combined organic phases were dried,
filtered and concentrated under reduced pressure. The residue was purified by
column chromatography on silica gel (hexane/MTBE = 2/1), giving 389 mg
(84%) of pure 1h.
IR (KBr): ν (cm-1) = 1667 (s, CHO). 1H NMR (299.875 MHz, CDCl3): δ = 2.38
(s, 3 H, CH3), 6.77 (d, 1 H, J = 3.7 Hz, H-4), 7.21-7.26 (m, 2 H, H-ortho), 7.30
(d, 1 H, J = 3.7 Hz, H-3), 7.68-7.73 (m, 2 H, H-meta), 9.61 (s, 1 H, CHO). 13C
NMR (75.404 MHz, CDCl3): δ = 21.5 (CH3), 107.2 (C-4), 124.0 (C-3), 125.4,
129,8 (C-ortho, C-meta), 126.4 (C-ortho -   C - C-5), 140.1 (  C - CH3), 151.9 (C-
2), 159.9 (C-5), 177.2 (CHO). Anal.: Calcd for C12H10O2 (186.21): C, 77.40; H,
5.41. Found: C, 76.80; H, 5.36. MS (EI) m/e (relative intensity): 187 (14), 186
(100, M+), 185 (20), 158 (18), 130 (13), 129 (98), 128 (46).
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5-(4-Chloro-phenyl)-thiophene-2-carbaldehyde (2f):
A suspension of 1.00 g (2.5 mmol) of 5-tributylstannanyl-thiophene-2-
carbaldehyde, 0.524 g (2.7 mmol) of 1-bromo-4-chloro-benzene and 35 mg
(0.05 mmol) of dichlorobis(triphenylphosphine)palladium(II) in 4 ml dry THF
was refluxed under argon for 20 hours. The reaction mixture was cooled, diluted
with MTBE and treated with 10 ml of a solution of KF (1 g) in water. After 1
hour of vigorous stirring, the phases were separated, the aqueous phase was
extracted with 3 × 10 ml MTBE and the combined organic phases were dried,
filtered and concentrated under reduced pressure. The residue was purified by
column chromatography on silica gel (hexane/MTBE = 5/2), giving 340 mg
(61%) of pure 2f, mp 81-82 °C. IR (KBr): ν (cm-1) = 1655 (s, CHO). 1H NMR
(300.090 MHz, CDCl3): δ = 7.34-7.41 (m, 3 H, H-ortho, H-4), 7.54-7.60 (m, 2
H, H-meta), 7.72 (d, 1 H, J = 4.1 Hz, H-3), 9.88 (s, 1 H, CHO). 13C NMR
(75.445 MHz, CDCl3): δ = 125.0 (C-4), 128.2, 130.0 (C-ortho, C-meta), 132.1
(C-ortho -   C - C-5), 136.0 (C-Cl), 138.0 (C-3), 143.4 (C-2), 153.2 (C-5), 183.3
(CHO). Anal.: Calcd for C11H7OSCl (222.69): C, 59.33; H, 3.17. Found: C,
59.30; H, 3.27. MS (EI) m/e (relative intensity): 224, 222 (38, 100; M+); 223,
221 (45, 97); 196, 194 (3, 8); 151, 149 (21, 67).
5-Phenyl-thiophene-2-carbaldehyde (2g):
A suspension of 1.11 g (2.8 mmol) of 5-tributylstannanyl-thiophene-2-
carbaldehyde, 0.566 g (3.6 mmol) of bromobenzene and 35 mg (0.05 mmol) of
dichlorobis(triphenylphosphine)palladium(II) in 4 ml dry THF was refluxed
under argon for 20 hours. The reaction mixture was cooled, diluted with 10 ml
MTBE and treated with 10 ml of a solution of KF (1 g) in water. After 1 hour of
vigorous stirring, the phases were separated, the aqueous phase was extracted
with 3 × 15 ml MTBE and the combined organic phases were dried, filtered and
concentrated under reduced pressure. The residue was purified by column
chromatography on silica gel (hexane/MTBE = 3/1), giving 350 mg (67%) of
pure 2g. IR (KBr): ν (cm-1) = 1644 (s, CHO). 1H NMR (299.875 MHz, CDCl3):
δ = 7.38-7.48 (m, 4 H, H-ortho, H-para, H-4), 7.64-7.69 (m, 2 H, H-meta), 7.73
(d, 1 H, J = 4.0 Hz, H-3), 9.89 (s, 1 H, CHO). 13C NMR (75.404 MHz, CDCl3):
δ = 124.2 (C-4), 126.6, 129.3 (C-ortho, C-meta), 129.6 (C-para), 133.2 (C-ortho
-    C - C-5), 137.5 (C-3), 142.6 (C-2), 154.4 (C-5), 182.9 (CHO). Anal.: Calcd for
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C11H8OS (188.25): C, 70.18; H, 4.28. Found: C, 69.79; H, 4.49. MS (EI) m/e
(relative intensity): 189 (17), 188 (100, M+), 187 (97), 160 (7), 115 (84).
5-p-Tolyl-thiophene-2-carbaldehyde (2h):
A suspension of 1.01 g (2.5 mmol) of 5-tributylstannanyl-thiophene-2-
carbaldehyde, 0.442 g (2.6 mmol) of 1-bromo-4-methyl-benzene and 35 mg
(0.05 mmol) of dichlorobis(triphenylphosphine)palladium(II) in 4 ml dry THF
was refluxed under argon for 20 hours. The reaction mixture was cooled, diluted
with 10 ml MTBE and treated with 10 ml of a solution of KF (1 g) in water.
After 1 hour of vigorous stirring, the phases were separated, the aqueous phase
was extracted with 3 × 10 ml MTBE and the combined organic phases were
dried, filtered and concentrated under reduced pressure. The residue was
purified by column chromatography on silica gel (hexane/MTBE = 3/1), giving
308 mg (61%) of pure 2h. IR (KBr): ν (cm-1) = 1656 (s, CHO). 1H NMR
(299.875 MHz, CDCl3): δ = 2.37 (3 H, CH3), 7.18-7.23 (m, 2 H, H-ortho), 7.33
(d, 1 H, J = 4.0 Hz, H-4), 7.51-7.56 (m, 2 H, H-meta), 7.69 (d, 1 H, J = 4.0 Hz,
H-3), 9.85 (s, 1 H, CHO). 13C NMR (75.404 MHz, CDCl3): δ = 21.4 (CH3),
123.7 (C-4), 126.4, 130.0 (C-ortho, C-meta), 130.4 (C-ortho -  C - C-5), 137.7
(C-3), 139.8 (  C-CH3), 142.0 (C-2), 154.7 (C-5), 182.9 (CHO). Anal.: Calcd for
C12H10OS (202.27): C, 71.25; H, 4.98. Found: C, 70.08; H, 5.12. MS (EI) m/e
(relative intensity): 203 (18), 202 (100, M+), 201 (93), 173 (15), 129 (57).
5-Acetyl-furan-2-carbaldehyde (1e):
A solution of 1.54 g (4.0 mmol) of 5-tributylstannanyl-furan-2-carbaldehyde,
0.40 g (5.1 mmol) of acetyl chloride and 10 mg (0.009 mmol) of
tetrakis(triphenylphosphine)palladium(0) in 8 ml dry THF was stirred under
argon at 40 °C for 3 hours. The solution was then cooled and treated with 10 ml
of a solution of KF (1 g) in water. After 20 minutes of vigorous stirring the
phases were separated, the organic phase was dried, filtered and concentrated
under reduced pressure. The residue was purified by column chromatography on
silica gel (hexane/acetone = 4/1), giving 392 mg (71%) of pure 1e. IR (KBr): ν
(cm-1) = 1674 (s, CHO). 1H NMR (499.657 MHz, CDCl3): δ = 2.60 (s, 3 H,
CH3), 7.27 (d, 1 H, J = 4.0 Hz, H-4), 7.31 (d, 1 H, J = 4.0 Hz, H-3), 9.82 (s, 1 H,
CHO). 13C NMR (125.639 MHz, CDCl3): δ = 26.5 (CH3), 116.9 (C-4), 120.0
109
(C-3), 153.3, 154.8 (C-2, C-5), 179.1 (CHO), 187.8 (  CO-CH3). Anal.: Calcd for
C7H6O3 (138.12): C, 60.87; H, 4.38. Found: C, 60.37; H, 4.75. MS (EI) m/e
(relative intensity): 139 (27), 138 (100, M+), 123 (76), 95 (48), 73 (51).
5-Acetyl-thiophene-2-carbaldehyde (2e):
A solution of 1.60 g (4.0 mmol) of 5-tributylstannanyl-thiophene-2-
carbaldehyde, 0.35 g (4.5 mmol) of acetyl chloride and 8 mg (0.007 mmol) of
tetrakis(triphenylphosphine)palladium(0) in 8 ml dry THF was stirred under
argon at 45 °C for 8 hours. The solution was then cooled and treated with 10 ml
of a solution of KF (1 g) in water. After 30 minutes of vigorous stirring the
phases were separated, the organic phase was dried, filtered and concentrated
under reduced pressure. The residue was purified by column chromatography on
silica gel (hexane/acetone = 10/1), giving 302 mg (49%) of pure 2e. IR (KBr): ν
(cm-1) = 1671 (s, CHO). 1H NMR (299.875 MHz, CDCl3): δ = 2.63 (s, 3 H,
CH3), 7.75 (d, 1 H, J = 4.0 Hz, H-4), 7.79 (d, 1 H, J = 4.0 Hz, H-3), 9.99 (s, 1 H,
CHO). 13C NMR (75.404 MHz, CDCl3): δ = 27.3 (CH3), 132.0 (C-4), 135.5 (C-
3), 148.3, 150.5 (C-2, C-5), 183.6 (CHO), 191.0 (  CO-CH3). Anal.: Calcd for
C7H6O2S (154.19): C, 54.53; H, 3.92. Found: C, 54.47; H, 4.06. MS (EI) m/e
(relative intensity): 154 (56, M+), 139 (100), 111 (26), 83 (11).
5-Vinyl-thiophene-2-carbaldehyde (2i):
A solution of 656 mg (2.07 mmol) of tributyl-vinyl-stannane, 401 mg (2.10
mmol) of 5-bromo-thiophene-2-carbaldehyde and 5 mg (0.004 mmol) of
tetrakis(triphenylphosphine)palladium(0) in 5 ml dry benzene was refluxed
under argon for 48 hours. The solution was then cooled, diluted with 10 ml
MTBE and treated with 5 ml of a solution of KF (0.2 g) in water. After 20
minutes of vigorous stirring the phases were separated, the organic phase was
dried, filtered and concentrated under slightly reduced pressure. The residue
(0.65 mg) was purified twice by column chromatography on silica gel
(hexane/MTBE = 12/1), giving 94 mg (33%) of 2i containing traces of the
starting aldehyde. IR (CHCl3): ν (cm-1) = 1668 (s, CHO). 1H NMR (299.875
MHz, CDCl3): δ = 5.40 (d, 1 H, J = 10.7, H-cis), 5.81 (d, 1 H, J = 17.5 Hz, H-
trans), 6.82 (dd, 1 H, J = 17.5, 10.7 Hz, C   H=CH2), 7.07 (d, 1 H, J = 3.7 Hz, H-
4), 7.64 (d, 1 H, J = 3.7 Hz, H-3), 9.85 (s, 1 H, CHO). 13C NMR (75.404 MHz,
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CDCl3): δ = 117.1 (CH2), 125.5 (C-4), 128.3 (C-3), 135.9 (  CH=CH2), 140.9,
151.2 (C-2, C-5), 181.8 (CHO).
5-Chloro-furan-2-carbaldehyde (1c):
To a solution of 1.60 g (16.0 mmol) of N-methylpiperazine in 20 ml of dry THF
at -70 °C was added 7.5 ml (15.0 mmol) of a 2 M solution of in pentane. After
15 minutes, 1.39 g (14.5 mmol) of 2-furan-carbaldehyde was added and the
mixture was allowed to stir for an additional 15 minutes. 7.2 ml (14.4 mmol) of
a 2 M solution of n-butyllithium in pentane was added and the mixture was
stirred at -10 °C for 4 hours. 3.83 g (24.9 mmol) of carbon tetrachloride was
added dropwise at -70 °C and the mixture was allowed to come to room
temperature and stirred for 1 hour. It was then treated with 25 ml of a 1 M
solution of HCl in water and extracted with 3 × 50 ml MTBE. The combined
organic extracts were dried (MgSO4), filtered and concentrated under light
reduced pressure (1c sublimes easily !). The residue (1.47 g) was purified by
column chromatography on silica gel (hexane/CH2Cl2 = 4/1) to give 768 mg
(41%) of pure 1c. 1H NMR (299.875 MHz, CDCl3): δ = 6.43 (d, 1 H, J = 3.7
Hz, H-4), 7.24 (d, 1 H, J = 3.7 Hz, H-3), 9.54 (s, 1 H, CHO). 13C NMR (75.404
MHz, CDCl3): δ = 108.8 (C-4), 121.6 (C-3), 143.1 (C-5), 151.1 (C-2), 175.4
(CHO). Anal.: Calcd for C5H3ClO2 (130.53): C, 46.01; H, 2.32. Found: C,
45.32; H, 2.59. MS (EI) m/e (relative intensity): 132 (34), 131 (37), 130 (100,
M+), 129 (96), 73 (30).
Furan-2,5-dicarbaldehyde (1a):
To a solution of 1.60 g (16.0 mmol) of N-methylpiperazine in 20 ml of dry THF
at -70 °C was added 7.5 ml (15.0 mmol) of a 2 M solution of n-butyllithium in
pentane. After 15 minutes, 1.39 g (14.5 mmol) of furan-2-carbaldehyde was
added and the mixture was allowed to stir for an additional 15 minutes. 7.2 ml
(14.4 mmol) of a 2 M solution of n-butyllithium in pentane was added and the
mixture was stirred at -10 °C for 4 hours. 1.46 g (20.0 mmol) of DMF was
added dropwise at -70 °C and the mixture was allowed to come to room
temperature (2 hours). It was then treated with 25 ml of a 1 M solution of HCl in
water and extracted with 4 × 50 ml MTBE. The combined organic extracts were
dried (MgSO4), filtered and concentrated under light reduced pressure. The
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residue (0.92 g) was purified by column chromatography on silica gel
(petroleum ether/acetone = 4/1) to give 470 mg (26%) of pure 1a. 1H NMR
(300.090 MHz, CDCl3): δ = 7.37 (s, 2 H, H-3, H-4), 9.87 (s, 2 H, CHO). 13C
NMR (75.445 MHz, CDCl3): δ = 120.0 (C-3, C-4), 154.8 (C-2, C-5), 179.8
(CHO). MS (EI) m/e (relative intensity): 124 (100, M+), 123 (59), 95 (23).
4-Vinyl-benzaldehyde (3i):
A solution of 634 mg (2.0 mmol) of tributyl-vinyl-stannane, 370 mg (2.1 mmol)
of  4-bromo-benzaldehyde and 5 mg (0.004 mmol)  of
tetrakis(triphenylphosphine)palladium(0) in 5 ml dry benzene was refluxed
under argon for 12 hours. The solution was then cooled, diluted with 10 ml
MTBE and treated with 7 ml of a solution of KF (0.6 g) in water. After 20
minutes of vigorous stirring the phases were separated, the organic phase was
dried, filtered and concentrated under reduced pressure. The residue (0.28 mg)
was purified by column chromatography on silica gel (hexane/CH2Cl2 = 3/1),
giving 79 mg (30%) of pure 3i as a colourless oil. IR (CHCl3): ν (cm-1) = 1704
(s, CHO). 1H NMR (299.875 MHz, CDCl3): δ = 5.34 (d, 1 H, J = 10.7, H-cis),
5.81 (d, 1 H, J = 17.5 Hz, H-trans), 6.58 (dd, 1 H, J = 17.5, 10.7 Hz, C   H=CH2),
7.45 (d, 2 H, J = 8.1 Hz), 7.74 (d, 2 H, J = 8.1 Hz), 9.89 (s, 1 H, CHO). 13C
NMR (75.404 MHz, CDCl3): δ = 116.4 (CH2), 125.7, 129.0, 134.6, 134.8
(   CH=CH2), 142.4, 190.7 (CHO). Anal.: Calcd for C9H8O (132.16): C, 81.79; H,
6.10. Found: C, 81.17; H, 6.31. MS (EI) m/e (relative intensity): 134 (66), 133
(86, M+), 105 (51), 77 (100), 51 (98).
ring-d4-Benzene-1,4-dicarbaldehyde (ring-d4-3a):
To a solution of 1.20 g (5.0 mmol) of d4-1,4-dibromobenzene (99.5% D) in 10
ml of dry THF at -70 °C was added 7 ml (11.2 mmol) of a 1.6 M solution of n-
butyllithium in hexane. After 30 minutes, 0.95 g (13.0 mmol) of DMF was
added and the mixture was allowed to come slowly to room temperature (2
hours). It was then neutralised with a 5 M solution of HCl in water. The phases
were separated, the aqueous phase was saturated with NaCl and extracted with 2
× 20 ml MTBE. The combined organic extracts were dried (MgSO4), filtered
and concentrated under reduced pressure. The residue (1.1 g) was purified by
column chromatography on silica gel (hexane/acetone = 4/1) to give 223 mg
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(32%) of pure ring-d4-3a, mp 107 °C (lit.:164 108-109 °C). IR (KBr): ν (cm-1) =
1691 (s, CHO). MS (EI) m/e (relative intensity): 138 (100, M+), 137 (95), 109
(52), 81 (37).
4´-Chloro-biphenyl-4-carbaldehyde (3f):
A solution of 1.18 g (3.0 mmol) of 4-tributylstannanyl-benzaldehyde, 645 mg
(3.3 mmol) of 1-bromo-4-chloro-benzene and 8 mg (0.007 mmol) of
tetrakis(triphenylphosphine)palladium(0) in 8 ml dry DMF was stirred under
argon at 80 °C for 36 hours. The mixture was then cooled and treated with 5 ml
of a solution of KF (0.6 g) in water. After 15 minutes of vigorous stirring the
phases were separated, the aqueous phase was extracted with 2 × 10 ml MTBE
and the combined the organic phases were dried, filtered and concentrated under
reduced pressure. The residue was purified by column chromatography on silica
gel (hexane/MTBE = 4/1), giving 92 mg (14%) of pure 3f. IR (KBr): ν (cm-1) =
1699 (s, CHO). 1H NMR (299.875 MHz, CDCl3): δ = 7.44 (d, 2 H, J = 8.7 Hz),
7.56 (d, 2 H, J = 8.7 Hz), 7.70 (d, 2 H, J = 8.4 Hz), 7.95 (d, 2 H, J = 8.4 Hz),
10.05 (s, 1 H, CHO). 13C NMR (75.404 MHz, CDCl3): δ = 127.6, 128.7, 129.3,
130.4, 134.8, 135.5, 138.2, 145.9, 191.8 (CHO). Anal.: Calcd for C13H9ClO
(216.67): C, 72.07; H, 4.19. Found: C, 72.06; H, 4.26. MS (EI) m/e (relative
intensity): 218 (31), 217 (37), 216 (91, M+), 215 (75), 188 (8), 153 (15), 152
(100), 151 (27), 150 (14).
4´-Methyl-biphenyl-4-carbaldehyde (3h):
A solution of 870 mg (2.2 mmol) of 4-tributylstannanyl-benzaldehyde, 376 mg
(2.2 mmol) of 1-bromo-4-methyl-benzene and 4 mg (0.005 mmol) of
tetrakis(triphenylphosphine)palladium(0) in 5 ml dry THF was refluxed under
argon for 36 hours. The solution was then cooled and treated with 5 ml of a
solution of KF (0.6 g) in water. After 15 minutes of vigorous stirring the phases
were separated, the aqueous phase was extracted with 3 × 10 ml MTBE and the
combined the organic phases were dried, filtered and concentrated under
reduced pressure. The residue (0.81 g) was purified by column chromatography
on silica gel (CH2Cl2), giving 95 mg (22%) of pure 3h. IR (KBr): ν (cm-1) =
1704 (s, CHO). 1H NMR (300.090 MHz, CDCl3): δ = 2.39 (s, 3 H, CH3), 7.26
(d, 2 H, J = 8.0 Hz), 7.51 (d, 2 H, J = 8.2 Hz), 7.70 (d, 2 H, J = 8.2 Hz), 7.90 (d,
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2 H, J = 8.0 Hz), 10.01 (s, 1 H, CHO). 13C NMR (75.445 MHz, CDCl3): δ =
21.8 (CH3), 127.8, 128.0, 130.4, 130.9, 135.6, 137.4, 139.1, 147.7, 192.5
(CHO). Anal.: Calcd for C14H12O (196.25): C, 85.68; H, 6.16. Found: C, 84.42;
H, 6.67. MS (EI) m/e (relative intensity): 196 (100, M+), 195 (81), 167 (22), 165
(31), 152 (39).
1,7-Bis(3-formyl-phenyl)-1,4,7-trioxy-heptane (4c):
A solution of 24.4 g (0.20 mol) of 3-hydroxy-benzaldehyde and 15.3 g (0.27
mol) of potassium hydroxide in 80 ml dry methanol was refluxed for 2 hours
and further stirred overnight at room temperature. The methanol was then partly
removed under reduced pressure and 400 ml of MTBE was added dropwise at 0
°C. The resulting yellow precipitate of 3-oxy-benzaldehyde potassium (25.0 g,
78%) was filtered, washed with MTBE and dried under reduced pressure. It was
used for the preparation of 4c and 4d without further purification.
To a solution of 6.4 g (40 mmol) of 3-oxy-benzaldehyde potassium in 30 ml dry
DMF at 100 °C was added dropwise a solution of 2.86 g (20 mmol) of 2,2´-
dichloro-diethylether in 4 ml DMF. The resulting mixture was refluxed for 1
hour and filtered to remove the precipitate of potassium chloride. Addition of
water (300 ml), cooling to -20 °C, filtering and drying gave 6.18 g (crude yield
98%) of a precipitate which was recrystallised (ethyl acetate), giving 1.26 g
(20%) of white crystals of pure 4c, mp 77-78 °C. IR (KBr): ν (cm-1) = 1688,
1702 (s, CHO). 1H NMR (299.875 MHz, CDCl3): δ = 3.97-4.01 (m, 4 H, CH2),
4.23-4.27 (m, 4 H, CH2), 7.20-7.25 (m, 2 H, H-arom.), 7.41-7.51 (m, 6 H, H-
arom.), 9.98 (s, 2 H, CHO). 13C NMR (75.404 MHz, CDCl3): δ = 67.8 (CH2),
69.9 (CH2); 113.0, 122.2, 123.9, 130.2 ,137.9, 159.4, 192.2 (CHO). Anal.: Calcd
for C18H18O5 (314.34): C, 68.78; H, 5.77. Found: C, 68.00; H, 5.82. MS (EI)
m/e (relative intensity): 314 (28, M+), 269 (11), 252 (20), 149 (34), 121 (99),
105 (41), 77 (100).
1,10-Bis(3-formyl-phenyl)-1,4,7,10-tetraoxy-decane (4d):
To a solution of 6.4 g (40 mmol) of 3-oxy-benzaldehyde potassium in 15 ml dry
DMF at 100 °C was added dropwise a solution of 3.74 g (20 mmol) of 1,2-bis(2-
chloroethoxy)ethane in 4 ml DMF. The resulting mixture was refluxed for 2
hours, filtered and the solvent was removed under reduced pressure. The residue
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was purified by column chromatography on silica gel (pentane/MTBE = 1/1),
giving 2.94 g (41%) of white crystals of pure 4d, mp 65-66 °C. IR (KBr): ν (cm-
1) = 1699 (s, CHO). 1H NMR (299.875 MHz, CDCl3): δ = 3.77 (s, 4 H, CH2),
3.87-3.92 (m, 4 H, CH2), 4.17-4.21 (m, 4 H, CH2), 7.17-7.22 (m, 2 H, H-arom.),
7.38-7.48 (m, 6 H, H-arom.), 9.96 (s, 2 H, CHO). 13C NMR (75.404 MHz,
CDCl3): δ = 67.8 (CH2), 69.8 (CH2), 71.0 (CH2), 113.0, 122.1, 123.7, 130.2,
137.9, 159.4, 192.2 (CHO). Anal.: Calcd for C20H22O6 (358.39): C, 67.03; H,
6.19. Found: C, 66.25; H, 6.21. MS (EI) m/e (relative intensity): 358 (22, M+),
210 (14), 149 (43), 121 (100), 105 (33), 93 (29), 77 (79).
Disodium salt of 1,2-diphenyl-1,2-ethanediolate:
A 60% weight suspension of sodium hydride (80 mg, 2.0 mmol) in mineral oil
was washed with 2 ml pentane under dry nitrogen. The hydride was allowed to
settle and the pentane-oil supernatant was removed with the syringe. To the
vacuum-dried powder were added, still under dry nitrogen, 4 ml of dry THF and
50 mg (0.23 mmol) of 1,2-diphenyl-1,2-ethanediol. The resulting mixture was
stirred overnight at room temperature and the excess of hydride was allowed to
settle. The pale yellow solution of the dialkoxide was handled under dry
nitrogen and used without further treatment.
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5.2 Instrumental methods
The radical anions were generated by dissolving the neutral compounds in
MTHF, THF, DME or a DME-HMPA mixture and reduced on a potassium,
sodium or cesium mirror under high vacuum (10-5 Torr). Potassium mirror was
prepared by sublimation of the metal into the reactor under high vacuum.
Sodium and cesium mirrors were prepared by decomposition of the
corresponding azide followed by sublimation of the metal under high vacuum.
Li+ ions were introduced by addition of freshly dried LiCl following potassium
reduction. The solvents were dried by refluxing over sodium/potassium alloy for
4 days followed by distillation into a Schlenk tube containing sodium/potassium
alloy. HMPA was dried twice over a potassium mirror and distilled under high
vacuum into the reactor.
The oxidation reactions were performed in CH2Cl2 (dried over molecular sieves
under vacuum), trifluoroacetic acid, or 1,1,1,3,3,3-hexafluoropropan-2-ol (all
solvents highest available purity, Merck). Solutions of the oxidants (TlIII
trifluoroacetate, tris(p-bromophenyl)ammoniumyl hexachloroantimonate), and
the parent compounds were mixed at low temperature (193 K) under high
vacuum. The reactors were transferred to the cavity of the ESR instrument, and
the temperature was increased until an ESR signal occurred.
ESR spectra were taken on a Varian E9 or Bruker ESP 300 spectrometer. The
latter instrument was also used for ENDOR and general TRIPLE measurements.
The electronic absorption spectra of the solutions containing the radical ions
were taken inside the microwave cavity in the same region of the sample tube
and simultaneously with the ESR spectra using a specially developed coupling
of fibre optics to the cavity of the ESR spectrometer165 and a J&M (Aalen,
Germany) TIDAS diode array spectrometer (200-1000 nm). For the kinetic
measurements the monitoring of the ESR spectrometer was effectued with the
help of a Scientific Software Services (Normal, Illinois, USA) platform
independent acquisition module allowing the triggering of the diode array
spectrometer. For the determination of the g factors, the magnetic field and the
microwave frequency were measured with a Bruker NMR Gaussmeter ER035M
and a Marconi Instruments Microwave Counter 2440, respectively.
The ESR spectral simulations were performed with the freeware Winsim166 and
computer fitting of the time profiles with the software pro Fit.167 The Hückel
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MO calculations were done with the programme MacHMO.168 The MOPAC 6.0
package169 was used for the semiempirical AM1169 and MNDO170,171 methods
whereas the ab initio and density functional theory calculations were performed
with Gaussian 94172 or MacSpartan Pro.173
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